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Abstract
In this overview, naturally occurring resorcylic lactones biosynthetically derived from alternariol and almost exclusively produced
by fungi, are discussed with view on their isolation, structure, biological activities, biosynthesis, and total syntheses. This class of
compounds consists until now of 127 naturally occurring compounds, with very divers structural motifs. Although only a handful of
these toxins (i.e., alternariol and its 9-O-methyl ether, altenusin, dehydroaltenusin, altertenuol, and altenuene) were frequently
found and isolated as fungal contaminants in food and feed and have been investigated in significant detail, further metabolites,
which were much more rarely found as natural products, similarly show interesting biological activities.
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Introduction
Alternariol and some of its derivatives are ubiquitous as fungal
metabolites present in infested plants and in food and feed, but
similarly in soil, in wallpapers, and in textiles. Although the
parent alternariol and the plethora of compounds biosyntheti-
cally derived from alternariol are very diverse and show numer-
ous detrimental but also beneficial biological properties, they
have never been comprehensively surveyed in a review. Never-
theless, quite a number of overviews exist on mycotoxins in
general [1-3], on selected Alternaria toxins [4-12], and on
dibenzo-α-pyrones [13-19]. The current review will comprehen-
sively deal with all naturally occurring polyketides derived from
β-resorcylic acid (2,4-dihydroxybenzoic acid), whose biosyn-
thesis is presumably starting from alternariol. The lactone
moieties of these compounds are usually six-membered rings,

where variations during or after polyketide synthesis occasion-
ally give rise to five- or seven-membered rings or even to open
structures with a free resorcylic acid. Derivatives formed
through metabolization in the human body (or in animals) are
only covered if the respective metabolites were similarly identi-
fied as natural products. A thorough survey of the literature
revealed (at now) 127 natural products to be classified as
natural resorcylic lactones derived from alternariol. These will
herein be categorized in six sub-classes (Figure 1):

1. alternariol and its substituted derivatives (46 members),
2. biaryls (7 members),
3. altenuene and its diastereomers and derivatives

(20 members),
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4. oxidized and reduced altenuenes (21 members),
5. altenuic acids and related compounds (7 members), and
6. cyclopenta-fused derivatives (26 members).

Figure 1: Examples of compounds covered in this review categorized
in six sub-classes (see text).

These compounds will be strictly organized due to their struc-
tures and not due a possible concurrent isolation or even to
common names (e.g., graphislactones A, C, E, and G will be
treated in different sub-chapters, although graphislactones A
and C were isolated together and all of them share a common
name).

Since it is intended to focus on naturally occurring alternariol-
derived compounds, a number of somewhat related structures
will not be discussed herein: Isocoumarins [20,21] and other Figure 2: Examples of compounds not covered in this review.

structures, which are most likely not derived from alternariol
(e.g., A, Figure 2), will not be included. Resorcylic lactones
[22-24] structurally not related to alternariol-derived dibenzo-α-
pyrones, like zearalenone (B), are similarly not part of this
review. These types of resorcylic lactones could be easily
differentiated by taking the involved polyketide synthase (PKS)
into account [25], since polyketides like zearalenone are synthe-
sized by means of a type I PKS [22,26], while alternariol and its
derivatives are likely to be obtained by catalysis with a PKS of
type II [27] or possibly of type III [28]. However, no reliable
information in this respect seems to be available for alternariol
or even for its derivatives. Compounds not containing a fully
intact resorcylic acid (e.g., dendrocoumarin (C) [29], urolithin
A (D) [30], or polygonumoside B (E) [31]) or containing more
than the two hydroxy groups of the resorcylic acid (e.g.,
unnamed natural product F [32]) will not be discussed (with
scarce exceptions, when the respective compounds are most
likely derived from alternariol or from related natural products).
Compounds, which have not been isolated as natural products,
but are synthetic derivatives [33] (e.g., G) of natural products,



Beilstein J. Org. Chem. 2024, 20, 2171–2207.

2173

or intermediates [34] (e.g., G) or side products [35] (e.g., H)
during their total synthesis, are neither systematically covered
in this review.

A number of wrongly assigned structures have been proposed
over the decades (Figure 3). These are mentioned here in
summary, where further details will be given in the respective
chapters: A quinone structure has been given with the first
report of botrallin [36], but was corrected some years later [37].
A wrong constitution has originally been proposed for altenuene
[38]; it was revised shortly after [39]. The originally proposed
structure [40] of altenuisol is wrong: Total synthesis and com-
parison of the NMR spectra revealed that this natural product is
identical with altertenuol [41], whose structure was correctly
given previously [42]. Furthermore, the originally proposed
structures [43] of graphislactones E and F were corrected after
total synthesis and comparison of NMR spectra [44].

Figure 3: Wrongly assigned and thus obsolete structures (details will
be discussed in the respective chapters).

Occasionally, natural products have been reported more than
one time as new compounds and were given several names.
Only the first given name should be used and further names are
thus obsolete: Verrulactone D is erroneously given in the
SciFinder database as synonym for altertenuol, but is in fact a
different natural product. The originally proposed structure of
altenuisol turned out to be wrong; it is in fact identical with the
structure of altertenuol and the name ‘altenuisol’ is thus obso-
lete (although it is still frequently used in the community) [41].
The occasionally used designations ‘graphislactone S1–S4’
were used in the initial reports [45,46], but have not been pro-
posed as names for these compounds. The names ‘graphislac-
tones A–D’ were used in the following reports by the authors

and by most of the community. The name ‘talaroflavone’ has
once erroneously been assigned to 1-deoxyrubralacton (116)
[47]. Unfortunately, this mistake has been adopted in a later
report and the names ‘deoxytalaroflavone’ (for 106) and
‘7-hydroxy-deoxytalaroflavone’ (for 107) were proposed [48],
although these compounds have no structural relationship with
talaroflavone (122) and furthermore the name ‘deoxyta-
laroflavone’ had already previously been assigned to a different
compound 110 [49]. The name ‘7-hydroxy-deoxytalaroflavone’
is misleading and thus should not be used.

The most prominent and most frequently referenced members
of the herein discussed class of natural products are the parent
alternariol (1, 1099 publications given in the SciFinder data-
base at 04/2024), 9-O-methylalternariol (2, 578 entries),
altenuene (54, 320), altenusin (47, 130), dehydroaltenusin (74,
55), altertenuol (31, 45), and isoaltenuene (55, 24), where the
most abundant Alternaria toxins are usually abbreviated:
Alternariol (AOH), 9-O-methylalternariol (AME), altenuene
(ALT), and altenusin (ALS) have commonly accepted abbrevia-
tions, while further abbreviations are used inconsistently (e.g.,
iALT or isoALT for isoaltenuene).

Alternaria metabolites [7,9-11] (which not only consist of the
herein discussed resorcylic lactones) are predominantly, but by
far not exclusively, isolated from Alternaria spp., especially
from Alternaria alternata. The genus Alternaria in the family
Pleosporaceae (Pleosporales, Dothideomycetes, Ascomycota)
belongs to the fungi imperfecti and all species are known as
plant pathogens [50-52]. It should be noted that Alternaria
alternata is a species complex and many producer strains re-
ported in the literature were not correctly identified [53]. The
rather low toxicity of alternariol and most of the further
Alternaria toxins (especially those with resorcylic lactone struc-
ture) discouraged a thorough investigation of their biological
activities, especially of their toxicities. The European Food
Safety Authority (EFSA) stated that “at present (2011), the
knowledge on the possible effects of Alternaria toxins on farm
and companion animals as well as the database describing the
occurrence of these mycotoxins in feedstuffs are scarce and are
not sufficient to assess the risk regarding Alternaria toxins for
animal health,” [9] and encouraged further investigations on
Alternaria toxins in many areas.

Review
Alternariol-derived resorcylic lactones
Alternariol and its substituted derivatives
Alternariol: Alternariol (AOH, 1, Figure 4) was first isolated in
the early 1950ies from Alternaria tenuis (synonymous with
A. alternata). Its structure was elucidated with chemical analy-
sis methods [33,54] and later unambiguously confirmed by
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X-ray crystallographic analyses [55-57]. Its biosynthetic origin
from acetate units by feeding 1-14C-labeled acetate precursors
was recognized soon after [58,59], where more details on its
biosynthesis are given in the respective chapter (vide infra).
Alternariol is the main toxin produced by A. alternata and was
isolated from further A. spp. (i.e., A. longipes [60], brassicae,
capsica-anui, citri, cucumerina, dauci, kikuchiana, solani,
tenuissima, and tomato [6]) and from numerous further fungal
genera. Various total syntheses have been presented over the
decades [34,61-64] including biomimetic syntheses [65-68] and
syntheses of labeled alternariol [69,70]. Selected syntheses will
be given in the chapter on total syntheses (vide infra).

Figure 4: Alternariol with the correct IUPAC numbering and an occa-
sionally used numbering based on the biphenyl substructure.

The ubiquity and easy availability of this toxin by microbiolog-
ical and synthetic methods (5 g of the compound were once
synthesized in the group of the author) allowed for numerous
biological investigations, which can hardly be summarized
comprehensively in this overview, but can be further studied in
numerous reviews on this and related toxins [6,10,11,15,71,72].

Already in the first reports on alternariol, an antibacterial activi-
ty against Staphylococcus aureus (at 25 ppm) and Escherichia
coli (at 50 ppm) was mentioned [33], which was later corrected
to an activity against the Gram-positive S. aureus and
Corynebacterium betae, but not against Gram-negative E. coli
[73]. It was further noted that AOH showed neither fungicidal
(possibly due to its low solubility in the standard tests, per-
formed in aqueous media) nor phytotoxic activity [73].

A general but not an acute toxicity of AOH has already been
mentioned in late 1970ies, e.g., an activity against Bacillus
mycoides at 60 μg/disc and a toxicity to HeLa cells with an ID50
value of 6 μg/mL [74]. It turned out that induced cytotoxicity
[75] is mediated by activation of the mitochondrial pathway of
apoptosis in human colon carcinoma cells [76,77] and that cyto-
toxicity on HCT116 cells is increased, when AOH is combined
with 9-O-methylalternariol (2, AME) [78]. AOH further
showed to have a detrimental effect on initial embryo develop-
ment [79]. Further reports on its mutagenicity and genotoxicity Figure 5: Alternariol O-methyl ethers.

have been published in the due course [80-83], but it seems as if
an unambiguous mutagenic activity has not been proven before
2006, when AOH was found to cause mutations in cultured
Chinese hamster V79 cells and in mouse lymphoma cells even
at non-toxic or moderately cytotoxic concentrations [84]. AOH
was further shown to cause strand-breaking in mammalian cell
lines V79, HepG2, and HT-29 [85-87]. It was a significant
finding by Marko et al. that AOH acts as a topoisomerase
poison, preferentially affecting the IIα isoform [88], where on
the other hand the damage turned out to be repaired in less than
two hours [89]. Its induction of oxidative stress leading to DNA
damage [90-93] and its causing cell cycle arrest, apoptosis, and
changing the cell morphology further contribute to the detri-
mental effects of AOH [94-96]. AOH furthermore activated the
nuclear translocation of the aryl hydrocarbon receptor (AhR)
and the nuclear factor erythroid 2-related factor 2 (Nrf2) [97].
The possible anticancer effects of AOH through its cytotoxic,
antiinflammatory, genotoxic, mutagenic, apoptotic, and anti-
proliferative effect and its influence on immune response [98],
cell cycle, and autophagy have been comprehensively summa-
rized only recently [17].

AOH has been found to be a weak estrogenic mycotoxin that
also has the ability to interfere with the steroidogenesis path-
way [99], to have a negative effect on progesterone synthesis in
porcine granulosa cells [100], and to be an androgen antagonist
with an EC50 value of 269 μM [101].

Phase I [102,103] and phase II [104-106] metabolization of
AOH has been thoroughly investigated and it turned out that
AOH is not metabolized by human fecal microbiota [107].

Alternariol methyl ethers: Methyl ethers of alternariol have
been obtained during chemical structure elucidation and as
intermediates in total syntheses of natural products, but some of
these have been furthermore isolated as natural products
(Figure 5). First to mention is 9-O-methylalternariol (2), mostly
referred to as alternariol 9-methyl ether, usually abbreviated
with AME, and occasionally named djalonensone. It is almost
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as abundant as alternariol itself and it is hardly possible to catch
up with the number of publications on this toxin; the SciFinder
database gives at now more than 500 entries to this compound.
It was first isolated together with alternariol from Alternaria
tenuis (synonymous to A. alternata) [33,54]. Its correct struc-
ture was proposed, based on chemical methods, shortly after
[42] and was later unambiguously confirmed by total synthesis
[62] and finally by an X-ray crystallographic analysis [108].
Further syntheses have been presented over the decades includ-
ing a biomimetic synthesis [68] and a synthesis of deuterated
AME [70]. It was isolated from numerous fungal sources, espe-
cially from Alternaria spp. (i.e., A. brassicae, capsici-anui,
citri, cucumerina, dauci, kikuchiana, longipes, porri, solani,
tenuissima, and tomato) [6]. When it was further isolated from
the small tree Anthocleista djalonensis, the authors considered it
to be a new natural product and proposed the name ‘djalonen-
sone’, which is occasionally used in the literature [109]. AME
has been investigated thoroughly on its biological activities,
especially on its toxicity [6,12]. Its phytotoxicity has already
been noted in the first reports; it induced chlorosis when
injected to the leaves of tobacco plants [110]. It turned out to be
cytotoxic against HeLa and lymphoma L5178Y cells with ID50
values of 8 μg/mL [74], was a strong mutagen in Escherichia
coli strain ND-160 [111], was maternally toxic and fetotoxic to
Syrian golden hamsters [112], induced mitochondrial apoptosis
in human colon carcinoma cells [113], induced cytochrome
P450 1A1 formation and apoptosis in murine hepatoma cells
dependent on the aryl hydrocarbon receptor [96], and signifi-
cantly increased the rate of DNA strand breaks in human carci-
noma cells (HT29, A431) at concentrations ≥1 μM [88]. A re-
ported mutagenicity against Salmonella typhimurium strains
TA98 [80] was later revised and attributed to contamination
with the strongly mutagenic altertoxins [82,83]. When adminis-
tered to rats, AME induced gene mutations, chromosome
breakage, and DNA damage [114]. AME turned out to be active
against bacteria (Bacillus subtilis, Staphylococcus haemolyticus,
Agrobacterium tumefaciens, Pseudomonas lachrymans,
Ralstonia solanacearum, and Xanthomonas vesicatoria) with
IC50 values ranging from 16 to 38 μg/mL, showed antinema-
todal activity against Caenorhabditis elegans and Bursaphe-
lenchus xylophilus (IC50: 74.6 and 98.2 μg/mL, respectively),
and suppressed spore germination of the fungus Magnaporthe
oryzae (IC50: 87.2 μg/mL) [115]. It furthermore had a negative
effect on progesterone synthesis in porcine granulosa cells [100]
and selectively inhibited human monoamine oxidase-A (MAO-
A) with an IC50 value of 1.71 μM (but did not inhibit MAO-B)
and was thus considered for the treatment of depression,
Parkinson’s disease, and Alzheimer’s disease [116]. Its metabo-
lization in phase I [102,103,117] and phase II [104,118-120] has
repeatedly been investigated. It turned out that it is not metabo-
lized by human fecal microbiota [107]. Protocols for its stan-

dardized analysis in food and feed have further been developed
[121,122].

3-O-Methylalternariol (3) was isolated as a natural product only
once from a non-specified Alternaria sp. [123] and its structure
was confirmed by comparison with an intermediate obtained
during the total synthesis of alternariol [66].

3,9-O,O-Dimethylalternariol (4) was first isolated from an
unidentified endophytic fungus [124] and later from
colletotrichum sp. [125], Lachnum abnorme [126], Diaporthe
phragmitis [127] and a further D. sp. [128], and deviantly from
the flower buds of the banana species Musa nana [129]. Its
structure was determined by NMR spectroscopy [126] and un-
ambiguously confirmed by independent synthesis [130]. It
showed inhibitory activity against Pseudomonas syringae pv.
actinidae with an MIC value of 25 μg/mL [127].

O-Glucosides, O-acetates, and O-sulfates of alternariol: As
for all natural products bearing hydroxy groups, especially of
phenolic hydroxy groups [131-133], it is quite likely that
alternariol and its derivatives are partly present in the organ-
isms as O-glucosides, acetates, or sulfates [134,135], where
these substituents are most generally cleaved during the isola-
tion and work-up processes. These derivatives (glucosides and
sulfates) are furthermore built during phase II metabolization in
the body [120,122,136,137], where the respective metabolites
are not comprehensively covered in this overview.

A small number of glucosides bearing alternariol derivatives
have been isolated as natural products (Figure 6). 7-O-Methyl-
alternariol 9-O-β-[4-methoxylglucopyranoside] (5) was isolat-
ed from Alternaria alternata and its structure was determined
by NMR spectroscopy. It showed no antibacterial activity [138].

Lysilactones A–C (7–9) bearing β-glucopyranoside moieties
were first isolated from Lysimachia clethroides, where lysilac-
tone B is mentioned in this review only due to its structural
analogy to the other lysilactones; it is not a resorcylic lactone
and has not been mentioned after the initial report [139]. The
structures of these compounds were determined by NMR-spec-
troscopic methods and constitution and configuration of lysilac-
tone A was further unambiguously confirmed by total synthe-
ses [139-141].

β-ᴅ-Galactopyranoside 10 was isolated from Penicillium sp.
[142], where it turned out to be cytotoxic against A559 cells
(IC50: 6.8 μg/mL) but not against further tested cell lines.

Alternariol-derived glucopyranoside 6 was identified together
with lysilactone A in LC–MS/MS analyses of invested cereals
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Figure 6: Alternariol O-glycosides.

based on comparison with synthesized samples [141], but seems
to have never been isolated or further investigated.

3-O-Acetyl-9-O-methylalternariol (11) was isolated from an
unidentified endophytic fungus [124] and 3,9-O,O-diacetylal-
ternariol (12) was found in Diaporthe cameroonensis [143]. No
biological activities were determined for these compounds
(Figure 7).

Figure 7: Alternariol O-acetates and O-sulfates.

A number of sulfate conjugates have been synthesized and used
as standards for mass-spectrometric or HPLC analyses

Figure 8: 2-Hydroxy- and 4-hydroxy-substituted alternariol and its
O-methyl ethers.

[134,141,144]. In this course it turned out that 3-O-sulfates of
alternariol and 9-O-methylalternariol and the alternariol-9-O-
sulfate (13–15) are conjugates repeatedly present in fungal
sources [134,141,145] and the 3,9-O,O-disulfate of alternariol
(16) has similarly been isolated [146]. Due to the instability of
these sulfates towards hydrolysis they were typically not isolat-
ed. Nevertheless, alternariol sulfates were isolated from
Alternaria sp. and alternariol-9-O-sulfate (14) turned out to be
active against 23 protein kinases with IC50 values ranging from
0.22 to 8.4 µg/mL and to be cytotoxic against L5178Y cells
(EC50: 4.5 µg/mL) [147]. The sulfated 9-O-methylalternariol
derivative 15 was isolated from A. alternata and showed
inhibitory activity against HCV NS3/4A protease (IC50:
52.0 μg/mL), cytotoxic activity against HEP-G2 cancer cells,
and turned out to be antibacterial against Bacillus cereus,
B. megaterium, and Escherichia coli with inhibition zones of
17, 12, and 10 mm, respectively, at 50 μg/disk [148]. There is
some evidence that not only alternariol and its 9-O-methyl ether
can be present as sulfated conjugates, but that further toxins
could similarly be sulfated in the organisms, e.g., altenusin and
dehydroaltenusin [149].

Substituted alternariol and the respective O-derivatives:
2-Hydroxyalternariol (17) and the respective 9-O-methyl deriv-
ative 18 were identified in the human, rat, and porcine metabo-
lism [102,103,150], but 17 was later similarly isolated as a
fungal natural product from Diaporthe (Phomopsis) sp.
[128,151-154] and Alternaria sp. [28,47,154] (Figure 8). It
showed antioxidant activity with an IC50 value of 42.8 μM
[153], inhibited about 90% of iNOS (inducible nitric oxide
synthase) expression when applied at 20 μM, decreased the pro-
tein expression levels of pro-inflammatory cytokines (tumor
necrosis factor-α, interleukin-6, and monocyte chemotactic pro-
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tein 1), and reduced the production of NO as low as 10 μM in
LPS-induced RAW264.7 cells [154].

Biosynthetic metabolization of alternariol and its 9-O-methyl
ether is predominantly started with a hydroxylation in 4-posi-
tion (c.f., chapter on biosynthesis, vide infra), which leads to a
variety of further metabolites. 4-Hydroxyalternariol (19) was
first identified as intermediate of the human, rat, and porcine
metabolism [102,103,117,150], but was later similarly found to
be a fungal natural product in Alternaria sp. [155], A. tenuis-
sima [156], and Trichoderma (Hypocrea) sp. [157]. It is quite
astonishing that this assumed main intermediate in the biosyn-
thetic downstream of alternariol was identified as natural prod-
uct only recently (2021) and that no biological properties were
established.

The respective 4-hydroxy derivative of 9-O-methylalternariol
(20) was again initially identified as a product of metaboliza-
tion [102,103,150], but was similarly found to be a natural
product in Alternaria alternata [158-161], in further A. spp.
[147,162,163], and in Nigrospora and Phialophora sp. [162]. It
showed various biological activities: 20 turned out to be
antibacterially active, inter alia, against Pseudomonas syringae
pv.  lachrymans ,  Staphylococcus haemolyt icus ,  and
Xanthomonas vesicatoria (IC50 values of 7.3, 10.8, and
10.1 µM, respectively) [163], X. oryzae pv. oryzae, X. o. pv.
oryzicola, and Ralstonia solanacearum (MIC: 13.8, 1.7, and
1.7 μM, respectively) [160], and further bacteria [164] and
showed antimicrobial activity against Trypanosoma brucei
rhodesiense, Leishmania donovani, and Plasmodium falcipa-
rum (IC50: 13.6, 7.5, 28.3 µM) [159]. It was cytotoxic against
soybean cell cultures with an EC50 value of 0.63 µM [158] and
against cell line 293 (IC50: 15.5 µM) [164], showed hydroxyl
radical scavenging activity (EC50: 68.3 µM) [163], and turned
out to be active against 24 tested protein kinases with IC50
values ranging from 0.35 to 5.7 µg/mL [147].

Graphislactones A and B (21 and 22) were first isolated from
the lichens Graphis scripta var. pulverulenta, G. prunicola, and
G. cognata [43,45,46,165]. Their structures were proposed
based on NMR-spectroscopic investigations and were unambig-
uously confirmed by total syntheses [44,166]. Graphislactone A
had already been obtained previously from the synthetic
reduction of botrallin (77; vide infra) [36,37]. While no further
report on graphislactone B was published, graphislactone A
was furthermore isolated from various fungi:  from
Microsphaeropsis olivacea [167], Cephalosporium acremo-
nium [168], and a further C. sp. [169], from Coniothyrium sp.
[170], from Rhizopycnis vagum [171], Hyalodendriella sp.
[172], Paraconiothyrium sporulosum [173], Pestalotiopsis
uvicola [174], and from Talaromyces amestolkiae [175].

Graphislactone A showed moderate activity against acetyl-
cholinesterase (AChE) with an IC50 value of 8.1 μg/mL [167]
and is a scavenger for the 2,2-diphenyl-1-picrylhydrazyl radical
(DPPH; IC50: 9.6 μM) and hydroxyl radicals (scavenging activ-
ity of 70% and 91% at 0.05 and 0.27 μg/mL, respectively)
[169,176]. Furthermore, it turned out to be cytotoxic against
SW1116 cells (IC50: 9.5 μg/mL) [168].

The trimethyl ether of 4-hydroxyalternariol was named
‘graphislactone H’ (23). This might suggest a close relationship
to the graphislactones A–F (partly discussed in later sections),
which is quite misleading, since 23 is not obtained from the
genus Graphis and is not a lichen metabolite. It was isolated
from Cephalosporium acremonium [168], and its structure was
determined by NMR spectroscopy and unambiguously con-
firmed by total syntheses [44,177]. It showed cytotoxic activity
against SW1116 cells with an IC50 value of 12 μg/mL [168].

Chlorinated alternariol derivatives (Figure 9) together with the
respective redox-modified natural products (Figure 20, vide
infra) are a quite wide subclass within the resorcylic lactones,
although most of them are observed only sporadic in the organ-
isms. Rhizopycnin D (24), i.e., 2-chlorinated alternariol, was
isolated from Rhizopycnis vagum [171,172]; it inhibited the
spore germination of Magnaporthe oryzae with an IC50 value of
9.9 μg/mL [171].

Figure 9: Chloro- and amino-substituted alternariol and its O-methyl
ethers.

The 4- and 2-chlorinated derivatives of 9-O-methylalternariol,
palmariols A and B (25 and 26), were first isolated from
Lachnum palmae [178] and their proposed structures were later
unambiguously confirmed by total syntheses [179]. Palmariol B
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was further found in Hyalodendriella sp. [172,180] and
Rhizopycnis vagum [171]. Palmariol A and B showed weak
antifungal activity against Mucor racemosus (8 mm inhibition
zone at 20 μM/disc) and palmariol A was furthermore active
against Bacillus subtilis (9 mm) [178]. Palmariol B was found
to show a higher antimicrobial activity than 9-O-methylal-
ternariol, obviously due to the additional chlorine substituent. It
was active against Agrobacterium tumefaciens, Bacillus subtilis,
Pseudomonas lachrymans, Ralstonia solanacearum, and
Xanthomonas vesicatoria  (IC50  values from 16.7 to
18.1 μg/mL) and disclosed antinematodal activity against
Caenorhabditis elegans (IC50: 56.2 μg/mL) [180].

Hyalodendriol C (27) was isolated from Hyalodendriella sp.
[172] and the proposed structure could be confirmed by total
synthesis [181]. It proved to be moderately active against
Bacillus subtilis and Xanthomonas vesicatoria with MIC values
of 50 and 25 mM, respectively, and showed some larvicidal ac-
tivity against Aedes aegypti.

The 2-chlorinated dimethylated alternariol derivative, graphis-
lactone G (28), was (similar as graphislactone H) not isolated
from the lichen genus Graphis but was obtained from the
fungus Cephalosporium acremonium [168]. Its structure was
confirmed by total syntheses [179,182,183]. Graphislactone G
showed a significant cytotoxic activity against SW1116 cells
with an IC50 value of 21 μg/mL [168].

Penicilliumolide D (29), the 2-chlorinated derivative of graphis-
lactone A (vide supra), was first isolated from Penicillium cher-
mesinum [184] and later additionally from Rhizopycnis vagu
[171] and Hyalodendriella sp. [172]. It had already previously
been obtained as intermediate in a TMC-264 total synthesis
[185]. Penicilliumolide D showed some antibacterial activity,
was cytotoxic against A549 and HTC116 cell lines with IC50
values of 25.5 and 37.3 μM, respectively [171], and exhibited
significant larvicidal activity against Aedes aegypti (LC50:
7.2 μg/mL) [172].

Pestauvicolactone A (30) bearing an amino group in position
C-4 of dimethylated alternariol was isolated from Pestalo-
tiopsis uvicola [174]. It was tested for cytotoxicity, but turned
out to be inactive.

Altertenuol (31) has already been mentioned in one of the first
reports on metabolites isolated from Alternaria tenuis (synony-
mous to A. alternata) [42,54]. Its structure was determined by
chemical methods and has later been confirmed after total syn-
thesis [186] and comparison of the NMR spectra of synthesized
material and of an original sample which survived from the
1950ies (Figure 10) [41]. This study further confirmed that a

Figure 10: Presumed alternariol derivatives with non-canonical substi-
tution pattern.

natural product altenuisol, whose structure 31a was proposed
based on 1H NMR-spectroscopic methods, had been assigned
incorrectly and its structure is in fact identical with that of
altertenuol. The name ‘altenuisol’ and the structure originally
proposed with this name are thus obsolete, as is the name
‘verrulactone D’, which is used in the SciFinder database for
compound 31. The latter error is obviously due to a misinterpre-
tation of a scheme in the initial report on verrulactone D [187],
a compound not covered in this review. Consequently, all
reports on altenuisol are here summarized together with those
on altertenuol and the latter name is used throughout. Neverthe-
less, it has to be realized that the name altenuisol is still used in
the community. Besides from Alternaria alternata, A. tenuis-
sima [188], and various further Alternaria sp., altertenuol has
been found in Cladosporium cladosporioides and C. sphaeros-
permum [189] and has furthermore been isolated as sulfoconju-
gates [190]. Further total syntheses have been published,
partially without noticing the identity with the natural product
[191,192]. Altertenuol showed various biological activities,
where its toxicity against HeLa cells has already been noted
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very early (ID50 value of 8 μg/mL) together with a toxicity
towards Bacillus mycoides (even at 5 μg/disc) [40,74]. It was
furthermore cytotoxic against A549, MG-63, and SMMC-7721
cell lines (IC50 values of 1.47, 2.11, and 7.34 μg/mL, respec-
tively) [123]. It showed antibacterial activity against Staphylo-
coccus aureus including methicillin-resistant S. aureus (MRSA)
and quinolone-resistant S. aureus (QRSA), Bacillus cereus
(MIC values of 8–32 μg/mL [187,193], and further bacteria
[163]. It turned out to be active against Trypanosoma brucei
rhodesiense and Leishmania donovani (IC50 values of 1.5,
7.1 μM, respectively) and further protozoa [159]. It further-
more showed some radical scavenging activities [163] and
phytotoxic effects [194].

Graphislactone E (32) was first isolated from the lichens
Graphis scripta and G. prunicola [43] and later similarly from
the fungus Rhizopycnis vagum [171], while graphislactone F
(33) was only found in G. pruniocola [43]. Their structures 32a
and 33a were proposed based on NMR-spectroscopic investiga-
tions but turned out to be wrong, when the spectroscopic data
were compared with those of synthesized material. Re-evalua-
tion of the NMR data and total synthesis of assumed correct
structures revealed revised constitutions, which are given in
Figure 10 [44]. No biological activity was determined for these
compounds.

Pestauvicomorpholine A (34) is an exceptional hybrid metabo-
lite with fusion of a polyketide-derived resorcylic lactone and
the steroid dihydroergosterol, which was isolated from the
fungus Pestalotiopsis uvicola [174]. Its structure was deter-
mined by NMR spectroscopy; no biological activity could be
elucidated.

Sabilactone (35) was isolated from the plant Sabina vulgaris
Antoine [195,196], but no further information could be revealed
for this compound. The strong resemblance of autumnariol (36)
and autumnariniol (37) with alternariol and 4-hydroxyal-
ternariol prompted the author to include these compounds into
this review although they are not resorcylic lactones. On the
contrary, there admittedly is some evidence that these com-
pounds are not derived from alternariol: They were first isolat-
ed from the liliaceous plant Eucomis autumnalis Graeb [197]
and further E. sp. [198] (and thus not from fungal sources), they
were not isolated together with alternariol or any alternariol de-
rivative, and typical alternariol-derived polyketides seem not to
be produced by Eucomis sp. [199-201]. Their proposed struc-
tures were unambiguously confirmed by total syntheses [202-
204], but biological activities were not investigated to date.

Derivatives of alternariol frequently contain additional hydroxy
groups attached to the aromatic rings, but there furthermore

exist some derivatives, which contain a hydroxylated methyl
group. This gives rise to hydroxymethyl-substituted ring
systems and opens the possibility of an alternative lactonization
with formation of seven-membered lactone rings (Figure 11).
Hydroxymethyl-substituted resorcylic lactone 38 was first
found to be a product of alternariol metabolization in human,
rat, and porcine livers [102], but it was later isolated as natural
product from Trichoderma sp. [205], Alternaria alternata
[206,207], and Pidoplitchkoviella terricola [208]. Its structure
was proposed based on NMR spectroscopy [205], but cannot be
confirmed after an unpublished total synthesis, which was
finished in the group of this review’s author [209]. The spectra
of the synthesized and the natural product did not agree (see
Supporting Information File 1). Unfortunately, a corrected
structure cannot yet be proposed. Nevertheless, the isolated
compound showed some antibacterial activity against Bacillus
subtilis and Staphylococcus aureus (MIC: 64 µg/mL) and
DPPH radical-scavenging activity (IC50: 12 μg/mL) [205]. It
furthermore inhibited α-glucosidase with an IC50 value of
6.3 µM [206].

Figure 11: Alternariol derivatives with the 1-methyl group hydroxylat-
ed.

Graphislactones C and D (39 and 40) were isolated from the
lichen Graphis scripta var. pulverulenta [45,165], graphislac-
tone C was later additionally isolated from G. prunicola and
G. cognata, and graphislactone D was obtained from
G. cognata [43,46]. Their structures were elucidated by NMR-
spectroscopic methods and unambiguously confirmed by total
syntheses [44,166]. No biological activities were tested for
these compounds.

Alterlactone (41) is structurally related with graphislactone D,
where two methoxy groups are demethylated to hydroxy
groups. It was first isolated from Alternaria sp. [147] and later
similarly from Ulocladium sp. [210], A. alternata [159,211-
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Figure 12: Verrulactones: pseudo-dimeric derivatives of altertenuol
and related compounds.

213], and further A. sp. [214-216]. The proposed structure could
be confirmed by total syntheses [217,218]. Alterlactone showed
antimicrobial activity against Bacillus subtilis (IC50 value of
41 µM) [210], Candida albicans, Trichophyton rubrum (MIC80:
17, 36 µg/mL) [211], Staphylococcus aureus (MIC: 31 µg/mL)
[214], Trypanosoma brucei rhodesiense and Leishmania dono-
vani (IC50: 7.1, 11.7 µM) [159], and against Xanthomonas
oryzae pv. oryzae (MIC: 16 μg/mL) [212]. It turned out to be a
scavenger of DPPH (IC50: 99 µM) [210] and showed neuropro-
tective effects against oxidative injuries [213].

Ulocladol (42), a further natural product bearing a seven-mem-
bered ring was isolated from Ulocladium botrytis [219] and
Microsphaeropsis olivacea [167]. Its structure was unambigu-
ously confirmed by NMR spectroscopy and by total syntheses
[44,220]. Ulocladol is a tyrosine kinase (p56lck) inhibitor
leading to a reduction of enzyme activity to 7% at 0.02 µg/µL)
[219].

Verrulactones A–C and E (43–46) are dimeric structures, where
verrulactones A and B can be considered as altertenuol (31)
dimers, verrulactone C consists of an altertenuol and an alter-
naone A (123, vide infra) moiety, and verrulactone E contains
an altertenuol and a dehydroaltenusin (74, vide infra) building
block (Figure 12). The verrulactones were isolated from Peni-
cillium verruculosum [187,193,221] and verrulactone A and B

were further isolated from Alternaria alternata [159,160].
Constitution and relative configuration of these compounds was
determined by NMR-spectroscopic methods, where the struc-
ture of verrulactone A was later unambiguously confirmed by
X-ray crystallographic analysis [160]. Chirality and absolute
configurations remained unresolved, where it should be noted
that even verrulactones A and B are axially chiral with an
assumed significant racemization barrier. At least it has been
stated, that verrulactone E was not isolated as the racemate
since an optical activity was given in the respective report
[187]. Verrulactones A–C and E are inhibitors of Staphylo-
coccus aureus enoyl-ACP reductase with IC50 values of 0.92,
1.41, 16.1, and 24.1 µM, respectively, and verrulactones A and
B showed significant antibacterial activity against S. aureus in-
cluding MRSA and against Bacillus cereus with MIC values of
8–16 µg/mL. The antibacterial activity of verrulactones C and E
was significantly lower (MIC: 32–128 µg/mL) [187,193,221].

Biaryls derived from alternariol
Although the reductive cleavage of the C4a–O5 bond in
alternariol derivatives leads to biaryls which are thus no longer
lactones, the respective derivatives are obviously derived from
alternariol and their inclusion in this review seems to be reason-
able. Even derivatives downstream in the alternariol biosynthe-
sis, which lack the carboxylic acid are included (Figure 13).

Figure 13: Biaryls formed by reductive lactone opening and/or by
decarboxylation.

Altenusin (47) is biosynthetically obtained through reductive
cleavage of 4-hydroxyalternariol (19) and it was already
mentioned in one of the first reports on Alternaria metabolites
when it was isolated from Alternaria tenuis (synonymous to
A. alternata) [42,54]. Its structure was proposed based on
NMR-spectroscopic investigations [222] and unambiguously
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confirmed after total syntheses and comparison of NMR data
[217,223,224]. Altenusin was further isolated from A. longipes
[60] and further non-specified A. spp. [147,216,225,226], from
Talaromyces flavus [49], T. pinophilus [227], Penicillium verru-
culosum [228], P. simplicissimum [229], and a further unidenti-
fied P. sp. [228,230], from Streptomyces verticillus [228],
Coleophoma sp. [231], Ulocladium sp. [210], Botryosphaeria
dothidea [232], and from a Pleosporales sp. [233]. As one of
the most important and highly abundant Alternaria toxins,
altenusin was repeatedly investigated with respect of various bi-
ological activities. It showed antimicrobial activity against
MRSA, Streptococcus pneumonia, Enterococcus faecium, and
Aspergillus faecalis (MIC values of 31.3, 31.3, 62.5,
62.5 µg/mL, respectively) [234], against various strains of
Paracoccidioides brasiliensis (MIC: 1.9–31.2 µg/mL), against
Schizosaccharomyces pombe (MIC: 62.5 µg/mL) [226], and
Bacillus subtilis (IC50: 39 µM) [210]. It was antifungal against
Botrytis cinereal (inhibitory efficacy of 56.7% at 200 μg/mL)
[235], Aspergillus fumigatus, A. niger, and Candida albicans
(zones of inhibition: 16, 15, 12 mm, respectively, at
200 µg/disc) [229], and against Alternaria alternata (MIC:
1 µg/mL) [236]. It irreversibly inactivated Escherichia coli
biotin protein ligase opening a potential application as antimi-
crobial or biocide [237]. It furthermore turned out to be an in-
hibitor of trypanothione reductase (IC50: 4.3 μM) giving rise to
an activity against Trypanosoma and Leishmania sp. [225] and
inhibited Plasmodium falciparum dihydroorotate dehydroge-
nase (PfDHODH) (but not the human orthologue) with an IC50
value of 5.9 µM [227]. Altenusin was cytotoxic against Pf3D7
and MRC-5 cells (IC50: 60.2, 24.8 µM, respectively) [227],
L5178Y cells (IC50: 6.8 µg/mL) [147,216], and against the
human colorectal HCT 166 cell line (IC50: 28.9 µM) [232]. It
inhibited 18 different kinases with IC50 values ranging from 1.1
to 9.8 µg/mL) [147] and was especially active against the kinase
pp60c-Src (IC50: 20 nM) [231]. Altenusin turned out to be an
inhibitor of α-glucosidase and pancreatic lipase (IC50: 46.1,
21.5 µM, respectively) [238], and of neutral sphingomyelinase
(nSMase) with an IC50 value of 28 µM (but not of aSMase)
[230,239]. It inhibited tau aggregation, attracting interest for the
treatment of Alzheimer’s disease [240], was a selective agonist
of the farnesoid X receptor FXR (EC50: 3.2 µM) [241], and
displayed remarkable neuroprotective effects against oxidative
injuries by acting as potent activator of nuclear factor erythroid-
derived 2-like 2 (NRF2) in PC12 cells [213]. Altenusin finally
showed radical scavenging activity against DPPH (IC50 values
in the range of 10.7 and 53 were determined) [210,232,242].

Desmethylaltenusin (48), the 9-O-demethylated derivative of
altenusin has first been obtained from a fungal endophyte
Alternaria sp. [147] and later from Talaromyces sp. [243]. Its
structure was elucidated by NMR spectroscopy and later unam-

biguously confirmed by total synthesis [191]. It was cytotoxic
against L5178Y mouse lymphoma cells (EC50 = 6.2 µg/mL)
[147] and against THLE and HBE cell lines (IC50 = 44 and
41 µg/mL, respectively) [243], showed inhibitory potential
against various protein kinases with IC50  values of
1.5–9.7 µg/mL [147], and displayed significant scavenging ac-
tivities against nitrite [243].

Biosynthetic decarboxylation of desmethylaltenusin affords
biaryl 49, which was isolated from Penicillium sp. [244] and
from Talaromyces sp. [243]. It showed significant α-glucosi-
dase inhibition with an IC50 value of 2.2 μM [244] and was a
potent scavenger of DPPH and of nitrite [243].

Decarboxyaltenusin (50) was reported in 1974 to be obtained by
chemical decarboxylation of altenusin (47) and by reduction of
dehydroaltenusin (74) [37], but was identified as natural prod-
uct when isolated from Ulocladium sp. [210]. It was in the due
course additionally obtained from Nigrospora, Alternaria, and
Phialophora spp. [162], from further A. spp. [242,245], from
A. alternata [159], Botryosphaeria dothidea [232], and from
Pleosporales sp. [246]. The structure of decarboxyaltenusin was
elucidated by chemical [37] and NMR-spectroscopic methods
[210] and was later unambiguously confirmed by total synthe-
sis [247]. This compound turned out to be cytotoxic against the
human colorectal HCT116 cell line (IC50: 73 µM) [232],
showed moderate DPPH free radical-scavenging activities
(IC50: 18.7 µM) [232], exhibited COX-2 inhibitory activity
(IC50: 9.5 µM) [242], and proved to be antiparasitic against
Trypanosoma brucei rhodesiense and Leishmania donovani
(IC50 values of 8.3 and 21.5 µM, respectively) [159].

Altenusin B (51), the methyl ester of desmethylaltenusin, was
isolated from Alternaria alternata; it showed neuroprotective
effects against oxidative stress-mediated damages in PC12 cells
[213].

Two further biaryl derivatives are most likely derived from
alternariol and their biosynthesis similarly seems to include a
reductive bond cleavage and further transformations. The
isomeric altenusinoides A and B (52 and 53) were isolated from
Alternaria sp., where no biological activities were determined
so far for these compounds [242].

Altenuene and its diastereomers and substituted
derivatives
Altenuene and its diastereomers: Altenuene (54) was first iso-
lated from Alternaria tenuis (synonymous to A. alternata)
[38,74,248]. The originally proposed structure turned out to be
incorrect (c.f., Figure 3), it was revised after X-ray crystallo-
graphic analyses [39,162] of the racemic material and after total
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Figure 14: Altenuene and its diastereomers.

synthesis of (−)-altenuene (Figure 14) [249]. While most of the
investigations including the X-ray data suggested that this
natural product occurs as a racemate [38,74,147,162,248,249],
it was occasionally obtained as the (−)-enantiomer [250,251].
The assumption that the methyl group in (−)-altenuene has the
same orientation as in isoaltenuene [251] had to be corrected
after total synthesis [249] and comparison of measured and
calculated ECD spectra [162]. The revised absolute configura-
tion of (−)-altenuene is given in Figure 14. Altenuene was iso-
lated in various Alternaria spp., i.e., not only in A. alternata,
but similarly in A. capsica-annui, A. citri, A. porri, A. radicina,
A. tomato [252], A. infectoria [253], A. tenuissima [12,252,254],
A. arborescens, and A. mali [12] and it was furthermore found
in Botryosphaeria dothidea [232], in Penicillium purpuro-
genum [255], and in Nigrospora and Phialophora sp. [162].
Considering the plethora of reports on this compound (>300
publications), it hardly showed significant biological activities
and is less toxic than other Alternaria toxins. [12]. Nevertheless,
significant toxic effects of altenuene have been noted as it is
acutely toxic to mice (1 of 3 died at 50 mg/kg body weight)
[11,74], and showed toxicity against brine shrimp larvae
(Artemia salina) with an LD50 value of 375 µg/mL [256,257]. It
exhibited cytotoxicity against HeLa cells (ID25: 28 µg/mL)
[74], the HCT116 cancer cell line (IC50: 3.13 μM) [232], and
against MG-63 cells (IC50: 17.8 µg/mL) [123]. An antibacterial
activity of altenuene was already mentioned in the first report
on this compound [38]. It later showed antimicrobial activity
against Staphylococcus aureus, Candida albicans (IC50: 39,
13.7 µg/mL, respectively) [138,162,211], and Bacillus subtilis
(zones of inhibition of 20 mm at 100 µg/disc) [162], and turned

out to be a cholesterase inhibitor [258]. The oxidative metabo-
lization of altenuene has been investigated [150,259] and it
turned out that it is not metabolized by fecal microbiota [107].
Protocols for its standardized LC–MS/MS analysis have further
been developed [121,122].

Isoaltenuene (55), the 4a-epimer of altenuene, was first isolated
from Alternaria alternata [260]. Its proposed structure includ-
ing its relative configuration was determined by NMR spectros-
copy and unambiguously confirmed by total synthesis of the
(+)-enantiomer [249]. Whenever the chirality was determined, it
was either isolated as (−)-enantiomer (from A. alternata) [250],
as the (+)-enantiomer (from unidentified freshwater [251] or
marine [261] fungi), or as the racemate (from Nigrospora
sphaerica, A. alternata, and Phialophora sp.) [162]. It was
further isolated without specification of the chirality again from
A. alternata [138], from A. brassicae [262], and further A. spp.
[215,263], from Ulocladium sp. [210], Colletotrichum capsica
[264], Setosphaeria sp. [265], Phyllosticta capitalensis [266],
and from Fusarium guttiforme [267]. Isoaltenuene showed
some phytotoxicity on tomato leaves at 20 µg/spot [260],
affected seedling growth of amaranth and lettuce [261], and
exhibited moderate activity against Bacillus subtilis (IC50 value
of 50.3 µM) [210] and Staphylococcus aureus (3.6 mm inhibi-
tion zone at 250 µg/mL) [138].

The 2-epi diastereomer of altenuene was isolated from
Alternaria alternata and was given the name ‘5’-epialtenuene’
(56) following the numbering in the biphenyl substructure
[268]. Although no data on the absolute configuration are given
in the initial and in most of the following reports, it turned out
that 56 can be found in both enantiomeric forms, where the data
are somewhat confusing: Huang et al. claimed that they ob-
tained (+)-56 from marine fungi, but give a negative specific
rotation [261], and Tian et al. reported the isolation of (+)-56
from Alternaria sp., but give a specific rotation explicitly only
for the 2-O-acetyl derivative 63 (vide infra) [163]. Nevertheless,
both groups published ECD spectra clearly indicating that the
respective isolated compounds are enantiomers. Tian et al. com-
pared the measured ECD spectrum of 63 with a calculated spec-
trum giving unambiguous evidence that they obtained 63 and
thus its deacylated derivative (+)-56 with the absolute configu-
ration as given in Figure 14 (with a tiny caveat concerning the
sign of the specific rotation of 56). A specific rotation of 56 was
furthermore given only once when (+)-56 was isolated from an
unidentified freshwater fungus [251]. 5’-Epialtenuene with non-
specified chirality was furthermore isolated from Penicillium
sp. [269], Diaporthe (Phomopsis) sp. [152], Colletotrichum
capsica [264], from Alternaria alternata [211], A. brassicae
[262], and Pidoplitchkoviella terricola [208]. 56 (possibly as
the laevorotatory enantiomer) showed phytotoxic activity
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against the germination and growing of amaranth and lettuce
and turned out to be antifungal against Alternaria brassicicola
with an MIC value of 125 µg/mL [261].

A further diastereomer 3-epi-altenuene (57) was isolated from
Alternaria sp. and was given the name ‘4’-epialtenuene’ [147].
Its structure including the relative configuration was deter-
mined by NMR spectroscopy; the compound turned out to be
optically inactive and thus is most likely a racemate. 57 was
further isolated from Trichoderma sp. [205], Colletotrichum
capsica [264], again from Alternaria spp. [214,216,270,271],
from A. tenuissima [188], Pidoplitchkoviella terricola [208],
and from Fusarium guttiforme [267]. No biological activities
could be determined for this compound.

The natural products depicted in Figure 15 are 9-O-demethy-
lated derivatives of altenuene diastereomers. Alternolides B and
C (58 and 59) were isolated from Alternaria alternata and their
structures including the absolute configurations were deter-
mined by NMR spectroscopy and by comparison of measured
and calculated ECD spectra. They showed an insignificant inhi-
bition of α-glucosidase with IC50 values of 726 and 451 μM, re-
spectively [206]. A further epimer 60 was isolated from Penicil-
lium sp. but further data did no become accessible to the author.
The given name ‘5-hydroxyaltenuene’ is misleading and its
utilization is not recommended [269].

Figure 15: 9-O-Demethylated altenuene diastereomers.

Substituted altenuene and diastereomers: A number of
altenuene diastereomers with further O-substituents are given in
Figure 16. 2-O- and 3-O-acetylaltenuene (61 and 62) were iso-
lated as the racemates from Alternaria alternata [211] and from
Alternaria sp. [263] and the racemates could be separated by
HPLC [211]. 2-O-Acetylaltenuene was furthermore obtained
from A. brassicae [262]. (+)-61, (−)-61, (+)-62, and (−)-62
showed antimicrobial activity against Staphylococcus aureus

(MIC80: 17, 15, 47, and 45 μg/mL, respectively) and Candida
albicans (20, 49, 24, >50 μg/mL) [211].

Figure 16: Acetylated and methylated altenuene diastereomers.

2-O-Acetyl-2-epi-altenuene (63) was isolated from Alternaria
sp. and its structure including the absolute configuration was
elucidated with NMR-spectroscopic methods and by compari-
son of measured and calculated ECD spectra. No biological ac-
tivity was determined for this compound [163]. Alternate A (64)
was isolated from A. alternata [161]. The constitution of the
compound was elucidated, but neither its absolute nor relative
configuration could be determined. Alternate A was tested for
its cytotoxic effects but showed no activity.

A number of natural products seem to be produced by reaction
of altenuene diastereomers (or of related compounds) with C3
building blocks, i.e., with lactic acid, pyruvic acid, or with ace-
tone (Figure 17). Alternatain D (65) was isolated from
Alternaria alternata and its structure was determined by NMR
spectroscopy and by comparison of measured and calculated
ECD spectra. Its structure suggests that dehydroaltenuene B
(86) might have reacted with lactic acid. Alternatain D inhibit-
ed ATP release of thrombin-activated platelets with an IC50
value of 58 μM [250]. The biosynthesis of alternatain C (66)
might similarly involve the addition of pyruvate to dehydroal-
tenuene B or a related metabolite. It was isolated together with
alternatain D but showed no biological activity [250].
Xinshengin (67) was independently isolated from Phialophora
sp. and its structure was again elucidated by NMR spectrosco-
py and by comparison of measured and calculated ECD spectra.
It showed no cytotoxicity against various tested cell lines [272].

Alternarilactone A (68) was isolated as the racemate from
Alternaria sp.; its structure was unambiguously elucidated by
X-ray crystallographic analysis showing the addition of an ace-
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Figure 17: Altenuene diastereomers modified with lactic acid, pyruvic
acid, or acetone.

tone moiety (most likely introduced as acetoacetyl-CoA) to a
metabolite similar to penicilliumolide B (78) with subsequent
acetal formation. Neither of the separated enantiomers showed
significant biological activities [273].

Neoaltenuene and related compounds: The compounds in this
sub-chapter (Figure 18) have a similar oxidation pattern as
altenuene and its diastereomers, but a differing connection and
substitution pattern as they bear a methyl group in position C-1
rather than C-4a (as in altenuene). Neoaltenuene (69) was first
isolated from Alternaria alternata [268] and the originally pro-
posed structure was later unambiguously proven by total syn-
thesis [35]. No biological activity has been tested at now for this
compound.

Figure 18: Neoaltenuene and related compounds.

The hyalodendriols A and B (70 and 71) were isolated from
Hyalodendriella sp. and their constitutions and relative and
absolute configurations were proposed based on NMR-spectros-

copic investigations and analysis of the respective Mosher
esters [172]. The notorious unreliability of the Mosher method
[274] prompted the author to calculate an ECD spectrum [275]
of hyalodendriol A giving rise to the assumption that the
absolute configuration depicted in Figure 18 might be wrong.
This might similarly apply to hyalodendriol B. Details on this
calculation are given in Supporting Information File 1.

Hyalodendriol B showed significant activity against larvae of
Aedes aegypti (LC50 value of 20.4 μg/mL) and is an inhibitor of
AChE (IC50: 21.1 μM) [172].

Rhizopycnolides A and B (72 and 73) were isolated from
Rhizopycnis vagum. Their constitutions and relative and
absolute configurations were confirmed by NMR spectroscopy,
by comparison of measured and calculated ECD spectra, and by
X-ray crystallographic analysis of rhizopycnolide A [171].
Rhizopycnolide A showed moderate antibacterial activity
against Agrobacterium tumefaciens, Bacillus subtilis, and
Pseudomonas lachrymans (IC50 values of 56.7, 45.5, and
44.7 μg/mL, respectively).

Oxidized and reduced altenuenes
Dehydroaltenusin and related quinoid compounds: A num-
ber of alternariol derivatives share a quinoid system in the
southeastern ring (Figure 19).

Figure 19: Dehydroaltenusin and its derivatives.

Dehydroaltenusin (74) was already mentioned 1957 in one of
the first reports on Alternaria metabolites by Rosett et al. [54].
Its structure was proposed after evaluation with chemical
methods [42,54] and its constitution was later unambiguously
confirmed by X-ray crystallographic analysis [276] and by total
syntheses [223,224,277]. While the authors of the initial report



Beilstein J. Org. Chem. 2024, 20, 2171–2207.

2185

could not exclude its formation from altenusin by reaction with
the charcoal used during the work-up process [42,54], dehy-
droaltenusin is now commonly considered to be a natural prod-
uct already present in the filtrates obtained from the organisms.
As an optical activity has never been noted for this compound
in the first reports and the X-ray crystallographic analysis was
performed with racemic crystals [276], one could come to the
assumption that dehydroaltenusin is present as racemate in the
organisms. Kamisuki et al. reported an equilibrium of 74 with
an intermediate ring-opened ortho-quinone 74b and the spiro-
fused isomer 74a, which necessarily leads to a racemization of
any enantiopure material (Scheme 1) [278]. While 74 was ex-
clusively present in non-polar solvents like CDCl3, the 74a/74
ratio is high in polar solvents (D2O: 74a/74 ratio = 4; DMSO-
d6: 5). This shed new light on the findings of Coombe et al. and
to a rehabilitation of their defamed work: They proposed struc-
ture 74a for dehydroaltenusin after analysis of NMR spectra
measured in the polar solvent acetone-d6 [222]. The finding that
dehydroaltenuene is racemic is of importance for any natural
product downstream the biosynthetic path: These might be simi-
larly present as racemates.

Scheme 1: Equilibrium of dehydroaltenusin in polar solvents [278].

Dehydroaltenusin has first been isolated from Alternaria tenuis
(synonymous to A. alternata) [42,54], and later from
Talaromyces flavus [49,279], Penicillium verruculosum, Strep-
tomyces verticillus subsp. tsukushiensis, and further P. sp.
[228], from P. simplicissimum [229], from a further S. sp. [280],
from A. kikuchiana [281] and A. angustiovoidea [282]. It inhib-
ited the cytopathic effects of HIV infection at a concentration
range of 1–5 μg/mL, but was cytotoxic to the host cells at
6–8 μg/mL [280]. It furthermore inhibited the calmodulin-de-
pendent activity of myosin light chain kinase (MLCK) with an
IC50 value of 0.69 μM [228] and had neuroprotective effects
against oxidative injuries [213]. It showed antibacterial activity
against Xanthomonas oryzae pv. oryzae and Bacillus subtilis

with MIC values of 4 [212] and 2 [235] μg/mL, respectively,
and a moderate antifungal activity against Botrytis cinerea with
an IC50 value of 11.7 μg/mL [235]. The most important biologi-
cal activity might be the inhibition of mammalian DNA poly-
merases (Calf DNA polymerase α, IC50: 0.68 mM; the largest
subunit of mouse DNA polymerase α, IC50: 0.5 μM) [283-285],
which was repeatedly investigated in the due course.

Desmethyldehydroaltenusin (also named demethyldehydroal-
tenusin; [286] 75) is the 9-O-demethylated derivative of dehy-
droaltenusin (74). It has first been isolated from Talaromyces
flavus [49] and later from Alternaria spp. [287]. Its structure
was determined by NMR spectroscopy combined with chemi-
cal methods [49], where the constitution was later confirmed by
total synthesis [191].

Biosynthetic lactone cleavage in dehydroaltenusin (74) leads to
dehydroaltenusinic acid (76), a derivative isolated from Strepto-
myces sp. The authors of the initial report had to admit that they
could not completely rule out that this compound might have
been formed by hydrolysis of dehydroaltenusin during the isola-
tion and work-up process [288]. However, it showed signifi-
cant antibacterial activity against nine Gram-positive and -nega-
tive bacteria with 21–30 mm zones of inhibition at 100 μg/disk
(e.g., against Staphylococcus aureus, 23 mm).

Botrallin was already isolated in 1968 from Botrytis allii and a
quinone-based structure 77a was originally proposed [36],
which was corrected five years later to an isomeric quinoidal
structure 77 [37]. Botrallin was similarly obtained from
Microsphaeropsis olivacea [167] and Hyalodendriella sp.
[180,289-291]. It showed moderate antimicrobial activity
against various bacteria and fungi with IC50 values ranging
from 82 to 119 μg/mL [180,289,290], was further reported to be
active against Alternaria alternata with an MIC value of
63 μg/mL [167], and inhibited AChE with an IC50 value of
19 μM [167,290].

It seems as if the absolute configurations of desmethyldehy-
droaltenusin (75), dehydroaltenusinic acid (76), and of botrallin
(77) never were elucidated, where an assumed racemic nature of
these toxins would go in line with their biosynthetic synthesis
from (or parallel with) the racemic dehydroaltenusin (74).

A number of alternariol-derived natural products have a
quinonoid structure (i.e., contain a cyclohexa-1,4-diene moiety),
but one or two of the quinone carbonyl groups are reduced or
otherwise modified (Figure 20). These have been isolated and
reported in different batches and thus even closely related com-
pounds got different names. As always in this review, the focus
is strictly on structural similarities. Penicilliumolide B (78) was
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isolated from Penicillium chermesinum. Its constitution was de-
termined with NMR-spectroscopic methods, but the absolute
configuration was only deduced from the compound’s analogy
to TMC-264 (79) for which a common biosynthetic origin was
assumed [184]. 78 was further isolated from Rhizopycnis vagum
[171] and Hyalodendriella sp. [172]. Penicilliumolide B
showed cytotoxic activity against  the human acute
T-lymphoblastic leukemia cell line MOLT-3 (IC50 value of
9 μM) but not against eight further cell lines [184]. It turned out
to be a moderate AChE inhibitor with an IC50 value of 49.6 μM
[172].

Figure 20: Further quinoid derivatives.

Rhizopycnin B (80), bearing an additional amino group in posi-
tion C-2, was isolated from Rhizopycnis vagum [171], and its
absolute configuration was again only deduced from the simi-
larity of its specific rotation with that of TMC-264. No biologi-
cal activity could be detected for this compound.

TMC-264 (79) bearing a chlorine in position C-2 was first
detected in Phoma sp. [292,293] and later on similarly in
Hyalodendriella sp. [172,290,291], Penicillium chermesinum
[184], Rhizopycnis vagum [171], and in a marine fungal
inoculum [294]. Its structure including its absolute configura-
tion was unambiguously proven by total synthesis, resolution of
the synthesized racemate, and X-ray crystallographic analysis of
the natural (−)-TMC-264 [185]. TMC-264 showed numerous
biological activities, which are most likely due to the quinoid
structure and to the presence of the chlorine substituent [293].
TMC-264 suppressed expression of IL-4-driven luciferase and
germline Cε mRNA (IC50 values of 0.3 and 0.4 μM, respective-
ly) and showed inhibitory activity against tyrosine phosphoryla-
tion of STAT5 and STAT6 (IC50 values of 16 and 1.6 μM, re-

spectively) [292] and moderately on AChE (IC50 value of
79 μg/mL) [172,290]. It was cytotoxic against eight tested cell
lines with IC50 values ranging from 1.1–12.6 μM (e.g., against
HeLA cells: 4.5 μM) [184]. It furthermore turned out to be
active against various microorganisms, especially against Pseu-
domonas lachrymans and Magnaporthe oryzae with IC50 values
of 5.9 and 7.5 μg/mL, respectively [171,290], against the nema-
todes Bursaphelenchus xylophilus, Caenorhabditis elegans, and
Panagrellus redivivus (IC50 values of 25, 30, 34 μg/mL, respec-
tively) [290], and against the mosquito larvae of Aedes aegypti
(LC50 value of 11.3 μg/mL) [172].

Rhizopycnin C (81), the 3-O-demethylated derivative of TMC-
264, was isolated from Rhizopycnis vagum and the absolute
configuration was again only deduced from the analogy to
TMC-264. It similarly showed significant antibacterial activity,
especially against Pseudomonas lachrymans and Staphylo-
coccus hemolyticus (IC50 values of 4.3 and 7.0 μg/mL) [171].

Rhizopycnin A (82) and its diastereomer penicilliumolide C
(83) obviously are biosynthetically derived from TMC-264 by
reduction of the quinoid carbonyl group. Rhizopycnin A was
isolated from Rhizopycnis vagum [171] and penicilliumolide C
was obtained from Penicillium chermesinum [184]. The consti-
tution of both compounds was determined by NMR spectrosco-
py and the relative and absolute configuration of 82 was pro-
posed based on measured and calculated ECD spectra [171].
The relative configuration of penicilliumolide C was not
published in the initial report [184], but assuming that it is
derived from TMC-264 (79) and considering the fact that 82
and 83 gave differing NMR spectra (and thus are diastereomers
and not enantiomers), the relative configuration of 83 is obvi-
ously that given in Figure 20. Nevertheless, although its
absolute configuration is very likely as depicted, it was not un-
ambiguously proven. No significant biological activity has been
detected for these compounds.

Penicilliumolide A (84) is a TMC-264 derivative in which a
C3-acid (a biosynthetic equivalent of lactic acid) is added to the
quinoid carbonyl group establishing a further lactone moiety. It
was isolated from Penicillium chermesinum [184] and its con-
figuration was proposed based on the quite plausible assump-
tion that its biosynthetic origin again is TMC-264 and on analy-
sis of the Mosher esters. No biological activities were deter-
mined for this compound, neither.

Dehydroaltenuene and related compounds: Dehydroaltenu-
enes A and B (85 and 86, Figure 21) were isolated from an
unidentified freshwater fungus [251] and later from Alternaria
brassicae [262]. Their absolute configuration was proposed
based on the analysis of ECD spectra [251] and unambiguously
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Figure 22: Complex aggregates containing dehydroaltenuene
substructures and related compounds.

confirmed by total syntheses of dehydroaltenuene A and of ent-
dehydroaltenuene B [277]. Constitution and relative configura-
tion of dehydroaltenuene B was already proven previously by a
total synthesis of the racemic compound [295]. Dehydroal-
tenuene B turned out to be active against Staphylococcus aureus
causing a 14 mm zone of inhibition at 100 µg/disk and both
dehydroaltenuenes showed activity against Bacillus subtilis
affording zones of 13 and 20 mm, respectively [251].

Figure 21: Dehydroaltenuenes.

Some natural products seem to be biosynthetically derived from
alternariol, are (at least on a first glimpse) dimeric structures,
and contain dehydroaltenuene or related compounds as
substructures (Figure 22). Alternarlactones A and B (87 and 88)
were isolated as racemates from Alternaria alternata [159].
Their structures were determined by NMR spectroscopic
methods combined with theoretical calculations. They contain
two clearly distinguishable alternariol-derived moieties linked
in two different modes. Both showed activity especially against

Figure 23: Dihydroaltenuenes.

Leishmania donovani (IC50 values of 4.7 and 8.9 μM, respec-
tively) and Plasmodium falciparum (5.9 and 9.7 μM).

Alternatone A (89) and alternamgin (90) contain altenuene
substructures, which are augmented by further rings. The
former was isolated as a racemate from Alternaria alternata and
its structure and relative configuration was unambiguously con-
firmed by X-ray crystallographic analysis [296]. It showed
moderate antitumor activity against the human hepatoma carci-
noma HepG-2 cell line (IC50 value of 38 μM). It should be
noted that the name ‘alternatone A’ had already previously been
given to a different Alternaria metabolite, which is not covered
in this review [297]. Alternamgin (90) was obtained from
Alternaria sp. again as the racemate and its structure was simi-
larly elucidated by X-ray crystallographic analysis [298]. After
resolution of the enantiomers, these were separately investigat-
ed: (−)-90 showed moderate cytotoxicity against HeLa and
HepG2 cells while (+)-90 was similarly active only against
HepG2 cells.

Dihydroaltenuene and related compounds: The dihydroal-
tenuenes are derived from altenuene and its diastereomers by
hydrogenation of the C1–C10b double bond (Figure 23). Dihy-
droaltenuenes A and B (91 and 92) have first been isolated in
2006 from an unidentified freshwater fungus [251]. Their
constitution and relative configuration was elucidated by NMR
spectroscopy [251], but the originally proposed absolute config-
uration of dihydroaltenuene B (which was deduced only from
analogy with biosynthetic precursors) was corrected after total
synthesis of the compound [277]. Based on this finding, the
given absolute configuration of dihydroaltenuene A might simi-
larly be spurious. Dihydroaltenuene A was furthermore isolated
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from Ulocladium sp. [210], Alternaria brassicae [262], and
from Pidoplitchkoviella terricola [208]; it showed activity
against Staphylococcus aureus, causing a 14 mm zone of inhibi-
tion at 100 µg/disk [251]. Dihydroaltenuene B was similarly
found in Pidoplitchkoviella terricola [208] and exhibited mush-
room tyrosinase inhibitory activity with an IC50 value of 38 μM
[208].

The diastereomeric 3-epi-dihydroaltenuene A (93) was first iso-
lated from Alternaria sp. and its structure was determined by
NMR spectroscopy [163] and by partial synthesis through
hydrogenation of isoaltenuene [277]. The absolute configura-
tion was determined by comparison of measured and calculated
ECD spectra [163]. It was later furthermore isolated from
further A. spp. [263,271]. Alternolide A (94), the 9-O-demethy-
lated derivative of dihydroaltenuene A, was reported only once:
It was isolated from A. alternata and its structure was con-
firmed by NMR spectroscopy and by comparison of measured
and calculated ECD spectra [206].

Altenuic acids and related compounds
The altenuic acids (Figure 24) have first been isolated from
Alternaria tenuis (synonymous to A. alternata) in 1957 by
Rosett et al. [54]. Altenuic acids I–III (95–97) share the same
molecular formula (C15H14O8) and show no optical activity. It
turned out that both 95 and 96 are easily converted into altenuic
acid III (97) by dissolving in sodium hydroxide and subsequent
re-acidifying. While the structure of altenuic acid II was unam-
biguously elucidated by X-ray crystallographic analysis [299]
and the structure of altenuic acid III was determined by total
synthesis of the compound [300], the constitution of altenuic
acid I is unclear to date [42]. Nevertheless, the late Robert
Thomas, who isolated and investigated altenuic acid I gave a
proposal of its structure in a personal communication to the
author, which is given in Figure 24. This structure is consistent
with all its determined chemical properties, but is unproven
[301]. Podlech et al. were given an original sample of a further
compound isolated in the 1950ies together with 95–97 and they
were able to elucidate its structure, which was in the further
course confirmed by total synthesis and comparison of the spec-
tra [301]. This toxin was given the name ‘altenuic acid IV’ (98);
it obviously is a biosynthetic precursor of altenuic acids II and
III. None of the altenuic acids showed significant biological ac-
tivities, where only altenuic acid II was investigated to some
extent [159,250,302].

Cephalosol (99), a compound closely related to the altenuic
acids, has been isolated from the fungus Cephalosporium acre-
monium; its structure including the absolute configuration has
been determined [303], where the constitution was unambigu-
ously proven by two independent total syntheses of rac-99

Figure 24: Altenuic acids and related compounds.

[304,305]. Cephalosol showed significant activities against the
human pathogens Escherichia coli, Pseudomonas fluorescens,
Trichophyton rubrum, and Candida albicans with MIC values
of 3.9, 3.9, 7.8, and 2.0 μg/mL, respectively [303].

The isomers alternarian acid (100) and alternatain B (101) could
have similarly been discussed with the biaryl derivatives given
in Figure 13 (vide supra). Alternarian acid was first isolated
from Alternaria mali (synonymous to A. alternata) and its
structure was confirmed by X-ray crystallographic analysis
[306]. It was later again isolated from A. alternata [250], from a
further A. sp. [234], and from Penicillium sp. [307]. Alternatain
B was obtained from A. alternata [250] and from P. sp. [307].

Cyclopenta-fused derivatives and related
compounds
Further degradation of alternariol and its biosynthetic succes-
sors can lead to the replacement of the south-eastern (aromatic)
six-membered ring with a five-membered ring, where a plethora
of hardly related substitution and oxidation patterns were ob-
served. Some of these compounds are recurring metabolites, but
most of them were observed only once and have hardly been in-
vestigated. In agreement with the organization of the first chap-
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ters of this review, these compounds will be treated in subsec-
tions according to their structural features and not in first hand
considering further parameters.

Resorcylic lactone 102 and its diastereomer nordihydroal-
tenuene A (103), bearing a fully saturated cyclopentane ring,
were isolated from Alternaria alternata [207] and from an
A. sp. [214], respectively. The structures of both compounds in-
cluding their absolute configurations were unambiguously con-
firmed by NMR spectroscopy and X-ray crystallographic analy-
sis (Figure 25) but no biological activity could be revealed for
these compounds.

Figure 25: Cyclopentane- and cyclopentene-fused derivatives.

Phialophoriol (104) containing a cyclopentene ring has first
been isolated in 2013 from an endolichenic fungal strain
Phialophora sp. [272]. Its structure including relative and
absolute configuration was confirmed by NMR spectroscopy
and by comparison of measured and calculated ECD spectra. It
was furthermore isolated from Alternaria alternata
[206,211,308], A. brassica [262], Neosartorya glabra [309],
and from Pidoplitchkoviella terricola [208]. Some biological
activities were tested, but it only showed a moderate activity
against Bacillus subtilis [211].

The respective metabolite 105 with an unsubstituted hydroxy
instead of a methoxy group was isolated from an endophytic
Alternaria sp. [47]. Its constitution including its absolute con-

figuration was unambiguously confirmed by X-ray crystallo-
graphic analysis and by comparison of measured and calculated
ECD spectra.

Compounds 106 and 107 have been isolated from an endo-
phytic Penicillium sp. [48]. Their structure including the
absolute configurations could be determined. Only weak activi-
ties against Staphylococcus aureus and MRSA were reported.
The proposed names ‘deoxytalaroflavone’ (for 106) and
‘7-hydroxy-deoxytalaroflavone’ (for 107) are obsolete and
should not be used for these compounds. 106 and 107 have no
structural relationship with talaroflavone (122) and the name
‘deoxytalaroflavone’ had already been assigned to compound
110 in 1990 (vide infra) [49].

Iranginin D (108) was isolated from cultures of the ant patho-
genic fungus Ophiocordyceps irangiensis and its structure was
elucidated by X-ray crystallographic analysis [310]. The
unnamed compound 109 was obtained from Alternaria sp. and
constitution and configuration were determined by NMR spec-
troscopy and comparison of measured and calculated ECD
spectra [47]. It showed moderate α-glucosidase inhibitory activ-
ity (IC50 = 78 µM).

Further derivatives contain fused cyclopentenone rings, where
the respective enone moieties are located in various positions
and orientations (Figure 26). Deoxytalaroflavone (110) has been
isolated together with talaroflavone (122, vide infra) from
Talaromyces flavus [49]. While the constitution could be pro-
posed based on NMR-spectroscopic analysis, the absolute con-
figuration remained unresolved, due to the small amount of
available specimen.

Enone 111 was isolated from endophytic Alternaria sp. and its
structure was determined by X-ray crystallographic analysis
[47]. It showed no optical activity and seems to occur as race-
mate. Its O-methylated derivative 112 was similarly obtained
from an A. sp.; it was again obtained as racemate [311]. The
separated (−)-enantiomer showed only moderate cytotoxicity
against the HL-60 (human leukemia) cell line; its (+)-enantio-
mer turned out to be inactive.

Alternatiol (113) was first obtained from Alternaria alternata as
the enantiomer depicted in Figure 26 [308]. Later on, it was
further isolated together with alternatone B (114) from a differ-
ent A. alternata strain, where this time both compounds were
obtained as racemates. Their structures were unambiguously de-
termined by X-ray crystallographic analysis [235].

Compound 115 was isolated from Alternaria sp. and its consti-
tution and absolute configuration were determined by NMR
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Figure 26: Cyclopentenone-fused derivatives.

spectroscopy and comparison of measured and calculated ECD
spectra [47]. A moderate α-glucosidase activity (IC50 value of
78 µM) was determined for this compound.

1-Deoxyrubralactone (116) was first isolated from a fungal
strain derived from sea algae [312] and later from Penicillium
pinophilum [313], Alternaria alternata [161,206,250], A. bras-
sicae [262], and from further A. sp. [47,214,314], from
Setosphaeria sp. [265], Pidoplitchkoviella terricola [208], and
Talaromyces pinophilus [315]. Its constitution was determined
by NMR spectroscopy [312] but the absolute configuration
could only be elucidated 14 years after the first report by com-
parison of measured and calculated ECD spectra [206] and later
by X-ray crystallographic analysis [315]. 1-Deoxyrubralactone
showed inhibition of rat DNA polymerase β and human poly-
merase κ with IC50 values of 11.9 and 59.8 µM, respectively
[312], α-glucosidase inhibition (IC50: 1.6 µM) [206], and mod-
erate cytotoxic activity against cell lines Huh-7 and A549 with
IC50 values of 93 and 91 µg/mL, respectively [265].

Due to the close relationship of alternarlactam (117) with
1-deoxyrubralactone (116), it is discussed in this review, al-
though it obviously is no lactone. It is the only lactam closely
related and presumably biosynthetically derived from

alternariol, which came to the author’s attention. Alternarlactam
was first obtained from an Alternaria sp. [316], later similarly
from A. alternata [250], and from A. tenuissima [188]. Its struc-
ture including its absolute configuration was elucidated by
NMR spectroscopy, comparison of measured and calculated
spectra, and by total synthesis of the compound [316]. The
natural (−)-enantiomer inhibited the growth of human cervix
HeLa adenocarcinoma cells (IC50: 1.10 µg/mL) and of the
human hepatocellular carcinoma cell line QGY-7701 (IC50 =
1.52 µg/mL). The synthesized (presumably unnatural) (+)-enan-
tiomer turned out to be less effective [316]. Alternarlactam
furthermore showed an antiplatelet effect (activity on the ATP
release of thrombin-activated platelets) with an IC50 value of
69 µM [250].

Rubralactone (118) was isolated in 2007 from Penicillium
rubrum and its constitution was proposed based on NMR spec-
troscopy [317]. It was further isolated from P. purpurogenum
[255], from an endolichenic fungus Ulocladium sp. [210], from
Alternaria  sp. [47,215], and from an entomogenous
Setosphaeria sp. [265]. Although rubralactone showed optical
activity [317] its absolute configuration apparently has never
been determined. Nevertheless, one might assume that its con-
figuration goes in line with that of the related 1-deoxyrubralac-
tone (116).

Compound 119 was isolated from a Penicillium sp. [318]. Its
absolute configuration was proposed after analysis of the
measured ECD spectrum. Only a moderate root growth inhibi-
tion in the germination of Arabidopsis thaliana was determined
with this compound.

The structural complexity of alternariol-derived natural prod-
ucts is even higher in some spiro-fused compounds (Figure 27).
Alternatain A (120) was isolated in 2019 together with further
(structurally deviating) alternatains (vide supra) from Alternaria
alternata [250]. Its structure including the relative and absolute
configuration was confirmed by NMR-spectroscopic methods
and by comparison of measured and calculated ECD spectra.
No biological activity was determined for this compound.

The related dehydro compound 121 was isolated from an
Alternaria sp. [47] and later from Pidoplitchkoviella terricola
[208]. Its structure was confirmed by NMR spectroscopy and by
comparison of measured and calculated ECD spectra [47]. It
showed no α-glucosidase or mushroom tyrosinase inhibitory ac-
tivity [47,208].

Talaroflavone (122) was first isolated from Talaromyces flavus
[49]. Its constitution was assigned based on NMR spectroscopy
in the initial report, but its relative and absolute configuration
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Figure 27: Spiro-fused derivatives and a related ring-opened deriva-
tive.

was only proposed 26 years later by a combination of chiroptic
methods and DFT calculations for comparison [255].
Talaroflavone was repeatedly isolated from various further
sources: from Alternaria brassicae [262], and further A. sp.
[47,147,215,216,238,270], from Pidoplitchkoviella terricola
[208], Penicillium purpurogenum [255], and from further
unidentified fungals [251,312]. It showed inhibition of rat DNA
polymerase β and human polymerase κ with IC50 values of 16.3
and 86.5 µM, respectively [312], and was a moderate inhibitor
of pancreatic lipase (IC50: 74 µM) [238].

Alternaone A (123) was isolated as the racemate from
Alternaria alternata and its structure was unambiguously deter-
mined by X-ray crystallographic analysis [235]. Both enantio-
mers showed moderate antibacterial inhibition on Xanthomonas
oryzae pv. oryzae and pv. oryzicola (MIC values of 100 µg/mL
for both pathovars).

The alternarienonic acids (124 and 125) are somewhat related to
the spiro compounds in Figure 27 and are thus discussed here.
Alternarienonic acid (124) was first isolated from Alternaria sp.
[147,234], its structure was determined by NMR-spectroscopic
methods, and the absolute configuration was proposed after
analysis of the respective Mosher derivatives [147]. However,
when 124 was isolated from A. alternata, Nigrospora
sphaerica, or Phialophora sp., the data suggest that it was iso-
lated as racemate or possibly as the respective enantiomer
[319]. It was later isolated from further A. alternata strains

[250] and from unidentified A. sp. [238,242]. Alternarienonic
acid showed significant α-glucosidase inhibition with an IC50
value of 8.0 µM and a somewhat lower inhibition of pancreatic
lipase (IC50: 20.8 µM) [238]. The isomeric alternarienonic acid
B (125) was isolated from an Alternaria sp. [270].

Compound 126 (Figure 28) was first isolated as the racemate
from an endolichenic fungus Ulocladium sp. [210] and later
from Alternaria brassicae [262], A. alternata [207], and a
further A sp. [214], from Pidoplitchkoviella terricola [208], and
from a Penicillium sp. [307].

Figure 28: Lactones-fused and lactone-substituted derivatives.

Isotalarone (127), isolated from Penicillium purpurogenum, is a
derivative with even less relationship to its presumed precursor
alternariol [255]. Its structure was claimed based on simulated
NMR spectra and on calculated ORD data; it seems to be
present as an inseparable mixture of diastereomers. It could be
noted that a natural product talarone was never reported; the
name ‘isotalarone’ was given to indicate its isomerism with
talaroflavone (122). Isotalarone showed moderate activity
against Gram-positive bacteria (Bacillus subtilis, inhibition
zone Ø 15 mm; Streptomyces viridochromogenes, 16 mm) and
moderate toxicity against brine shrimps (8%, 10 µg/mL).

Biosynthesis of alternariol and its derivatives
The biosynthesis of alternariol (1) and its very closely related
metabolites has been investigated in detail, but hardly any evi-
dence is available for the biosynthesis of further derivatives.

It has already been elucidated by feeding with 1-[14C]-labeled
acetic acid that alternariol is built from acetic acid units and the
orientation of these in the natural product could be established
[58,59,320]. Further investigations used deuterated precursors
and came to equivalent conclusions [321]. The finding that
alternariol is produced via norlichexanthone (128) [322] was
refused soon after [323]. Alternariol is a prototypic polyketide
(not to say the prototype polyketide), which is produced from
acetyl-CoA and six malonyl-CoA units by the ketosynthase
(KS) moiety of a polyketide synthase (PKS). Liberation from
the enzyme by a transesterase (TS) with concomitant lactoniza-
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Scheme 2: Biosynthesis of alternariol [324].

Scheme 3: Biosynthesis of alternariol and its immediate successors with the genes involved in the respective reactions [325].

tion, aldol condensations, and a number of tautomerizations
establishing the aromatic rings furnish alternariol without the
need for further transformations (Scheme 2) [324].

Biosynthetic derivatization of alternariol with formation of the
main Alternaria toxins has been thoroughly investigated by
Fischer et al., who identified the herein involved genes
(Scheme 3) [325]. One path includes the formation of
alternariol (1) involving a polyketide synthase gene (PksI), an
O-methyltransferase (OmtI) leads to the formation of 9-O-
methylalternariol (2), an FAD-dependent monooxygenase
(MoxI) is responsible for the oxidation to the unnamed metabo-
lite 20, a short-chain dehydrogenase (SdrI) probably catalyzes
the reductive formation of altenusin (47), and finally a putative
extradiol dioxygenase (DoxI) leads to the formation of
altenuene 54. Nevertheless, the last transformation requires
further, yet unknown steps. The authors proposed a possible al-
ternative pathway in which PksI together with SdrI encodes the

formation of a reduced biaryl derivative of alternariol 129,
which is further methylated to methyl ether 130 and oxidized to
altenusin (47).

Dehydroaltenusin (74) is obviously an oxidation product of
altenusin (47) [49], where it was shown that this oxidation can
be achieved enzymatically with horseradish peroxidase
(Scheme 4) [281]. Keeping in mind that dehydroaltenusin is
racemic (c.f., Scheme 1), its reduction to altenuene (and its dia-
stereomers) gives rise to two further stereogenic centers, and
that all the possible enantiomers and diastereomers (in total,
eight stereoisomers) have been identified as natural products,
one might conclude that reduction of 74 to diastereomers 54–57
might be rather unselective. Which of the diastereomers are
formed and which enantiomers appear predominantly (if at all)
might be ruled to some extend by the respective organism, by
further environmental conditions, or by the applied isolation
methods.
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Scheme 4: Presumed formation of altenuene and its diastereomers and of botrallin.

Scheme 5: Presumed formation of altenuic acids and related compounds.

A biosynthetic path for the formation of botrallin (77) seems not
to have been proposed yet, but it would be accessible from a
4-hydroxylated alternariol derivative by hydrolysis of the
lactone and oxidative lactone/quinone formation. The required
methoxy groups could be built at any stage, but graphislactone
A (21) would be an obvious precursor.

There is also hardly any evidence for the biosynthetic processes
leading to further metabolites, but plausible proposals have
been made for most of them. Scheme 5 gives a selection
of metabolic paths as given in the literature, where only
significant changes in the metabolites’ structures are depicted.
Not all proposals for simpler O-methylations, hydroxy-
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Scheme 6: A selection of plausible biosynthetic paths to cyclopenta-fused metabolites. (No stereochemistry is indicated in this scheme.)

lations, as well as oxidation and reduction steps are generally
included.

The oxidative degradation of catechol substructures is a major
pathway in the metabolization of aromatic compounds [326].
Respective oxidations of 4-hydroxylated alternariol derivatives
(e.g., 20) and altenusin (47) open up an access to significantly
altered metabolites (Scheme 5). Oxidative cleavage of 20 leads
to a putative dicarboxylic acid 131, where conjugate addition at
the bottom enoate would lead to cephalosol (99) [303]. An
equivalent oxidative path would lead to tricarboxylic acid 132,
which after isomerization of the bottom double bonds (possible
via keto–enol tautomerizations) and lactonization would yield
alternarian acid (100) [306]. Oxidative ring-opening of the cate-
chol substructure in altenusin (47) would yield altenuic acid IV
(98), where a first conjugate addition would give rise to altenuic

acid III (97) and a second addition would furnish either altenuic
acid II (96) or the speculative structure of altenuic acid I (95),
depending on the mode of attack [301].

The cyclopenta-fused resorcylic lactones show very divers
structural patterns in their ring fusion and substitution, where all
of them require transformation of the ring system, usually
through a rearrangement. All the proposed metabolic paths
given in Scheme 6 start with dehydroaltenusin (74) as either of
the isomers present in its equilibrium (c.f., Scheme 1). Oxida-
tive opening of the quinoid ring in 74 would lead to a dicar-
boxylic acid 133; conjugate addition and elimination of acetic
acid gives rise to the unnamed compound 126 [210]. Oxidation
of 74 to an epoxide could be followed by Meinwald-type rear-
rangement yielding carboxylic acid 134, whose alkylation
would furnish alternatiol (113) and alternaone B (114), respec-
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Scheme 7: Biomimetic synthesis of alternariol (1) by Harris and Hay [66].

tively [235]. If the spiro-fused isomer of dehydroaltenusin 74a
is oxidized to an equivalent epoxide, its rearrangement would
yield a carboxylic acid 135, whose hydroxylation and methyla-
tion could lead to alternaone A (123) [235]. Although forma-
tion of talaroflavone (122) seems to have not been proposed in
the literature, one could assume, that it might arise from
hydroxylation in 135 and subsequent decarboxylation. Reduc-
tion of 122 would lead to spiro-fused cyclopentanone 136,
which can be rearranged involving the migration of the aryl
group attached to the spiro center, loss of hydroxide, and final
deprotonation, furnishing deoxytalaroflavone (110) [49]. Al-
though not proposed in the literature, it might similarly come to
the migration of the carboxyl group in 136. A similar mechanis-
tic sequence would thus give rise to 1-deoxyrubralacton (116),
differing from 110 only in its substitution pattern.

Total syntheses of alternariol-derived
resorcylic lactones
For many of the compounds mentioned in this overview total
syntheses have been presented, but only those following signifi-
cantly differing strategies, will be discussed herein in some
detail.

The first syntheses in this field followed a biomimetic approach
[65-68], in which a polyketide (which is in its very own
meaning a long-chain carboxylic acid alternately bearing car-
bonyl and methylene groups in its backbone) [327] is succes-
sively assembled and condensated to the final product. Harris
and Hay started with a suitably protected orsellinic acid deriva-
tive 137 (accessible from methyl 3,5,7-trioxooctanoate [328])
and reacted it with the dilithium bisenolate of acetylacetone to
yield triketone 138 (Scheme 7). Enolate formation with lithium
diisopropylamide (LDA), reaction with carbon dioxide, and
immediate formation of the methyl ester gave rise to 139.

Debenzylation with hydrogenolytic conditions and condensa-
tion/lactonization with mildly basic conditions furnished 3-O-
methylalternariol (3), which was finally subjected to an ether
cleavage with hydroiodic acid furnishing alternariol (1). A quite
similar biomimetic approach has also been used by Langer et al.
for the total synthesis of autumnariol (36) [204].

An alternative approach presented by Subba Rao et al. started
with benzaldehyde 140, which was transferred into the respec-
tive cinnamoic acid 141 by Knoevenagel–Doebner condensa-
tion (Scheme 8). The double bond was dibrominated and elimi-
nated to methyl propiolate 142. Reaction with 1,4-cyclohexa-
diene 143 in a sealed tube applying drastic conditions led to
isomerization of 143 to the respective 1,3-diene, Diels–Alder
reaction, and subsequent Diels–Alder cycloreversion with loss
of ethylene to furnish alternariol precursor 144, which was then
transferred to alternariol (1) with standard conditions.

The first competitive total synthesis, which allowed for the syn-
thesis of significant amounts of the natural product (5 g were
once synthesized in the author’s lab in one batch), was
presented by Koch and Podlech (Scheme 9). It uses a Suzuki
coupling as the key step [62]. Where this synthesis led to the
formation of alternariol together with its 9-O-methyl ether 2,
which had to be separated by chromatography, a slight improve-
ment presented by Kim et al. allowed for the preparation of
alternariol without the formation of side products [64]. The
originally proposed synthesis worked with dimethylated
benzaldehyde 145a. Suzuki coupling with boronate 146, Krauss
oxidation, and final deprotection led to alternariol containing
about 20% AME (2), which had to be separated. When instead
unprotected benzaldehyde 145b was used for the respective
route, final deprotection cleanly led to AOH without need for a
laborious purification process.
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Scheme 8: Total synthesis of alternariol (1) by Subba Rao et al. using a Diels–Alder approach [34].

Scheme 9: Total synthesis of alternariol (1) using a Suzuki strategy by Koch and Podlech [62], improved by Kim et al. [64].

The herein used strategy with a Suzuki coupling as key step was
applied in a large number of further total syntheses for com-
pounds presented in this review. An overview is given in
Table 1.

Abe et al. presented a versatile method in which an esterifica-
tion is followed by a tethered cross coupling. Where this
strategy uses very simple and easily accessible precursors, it
leads to constitutional isomers in scarce cases, which have to be
separated. In the respective synthesis of alternariol, iodoben-
zoic acid 147 and orcinol derivative 148 were coupled in an
esterification (using dicyclohexylcarbodiimide, DCC, and
4-dimethylaminopyridine, DMAP) and subjected to a palla-
dium-catalyzed coupling (Scheme 10) [63]. The product mix-
ture was separated and the methyl ether functions were cleaved
to yield alternariol (1).

In the total synthesis of altenuene (54) and isoaltenuene (55,
Scheme 11), we started with iodinated cyclohexanone 150,
which was accessible from quinic acid (149) [249]. Addition of
a methyl Grignard reagent furnished two tertiary alcohols 151a
and b, which were separated and individually reacted with
boronate 152 in a Suzuki coupling, where concomitantly a

Table 1: Total syntheses of alternariol-derived
resorcylic lactones.

Compound Key stepa

alternariol (1) A [65-68], B [62,64],
C [63], E [34,61]

9-O-methylalternariol (2) A [68], B [62]
3-O-methylalternariol (3) A [66]
lysilactone A (7) B [139,140], C [141]
graphislactone A (21) B [44], C [166]
graphislactone B (22) C [166]
graphislactone H (23) B [44], C [177]
palmariol A (25) C [179]
palmariol B (26) C [179]
hyalodendriol C (27) C [181]
graphislactone G (28) B [182], C [179,183]
penicilliumolide D (29) C [185]
altertenuol (31) B [186], C [192]
graphislactone E (32) B [44]
graphislactone F (33) B [44]
autumnariol (36) A [204], B [203],

E [202]
autumnariniol (37) E [202]
graphislactone C (39) B [44], C [166]
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Scheme 10: Total synthesis of alternariol (1) using an intramolecular biaryl coupling by Abe et al. [63].

Table 1: Total syntheses of alternariol-derived
resorcylic lactones. (continued)

graphislactone D (40) B [44], C [166]
alterlactone (41) B [217], E [218]
ulocladol (42) B [44], C, D [220]
altenusin (47) B [217,223,224]
desmethylaltenusin (48) B [191]
decarboxyaltenusin (50) B [247]
(−)-altenuene (54) B [249]
(+)-isoaltenuene (55) B [249]
(+)-neoaltenuene (69) B [35]
rac-dehydroaltenusin (74) B [223,224,277],

C [277]
rac-desmethyldehydroaltenusin (75) B [191]
rac-TMC-264 (79) E [185]
(+)-dehydroaltenuene A (85) B, D [277]
ent-dehydroaltenuene B (86) B, D [277]
(+)-dihydroaltenuene B (92) B, D [277]
rac-altenuic acid III (97) B [300]
altenuic acid IV (98) B [301]
rac-cephalosol (99) E [304,305]
rac-alternarlactam (117) E [316]

aBiomimetic synthesis (A), Suzuki coupling (B), tethered biaryl forma-
tion (C), derivatization of a natural product (D), further methods (E).

lactonization occurred. Deprotection with trifluoroacetic acid
(TFA) gave rise to altenuene and isoaltenuene. Both com-
pounds were obtained as single enantiomers, where the respec-
tive chirality was similarly observed in some of the isolated
natural products (vide supra).

Quinic acid (149) similarly served as the starting material in our
synthesis of neoaltenuene (69) (Scheme 12) [35]. It was con-
verted into protected trihydroxycyclohexanone 153, which was
subjected to a Grignard addition, oxidized (with tetrapropylam-

monium perruthenate, TPAP, and N-methylmorpholine
N-oxide, NMO), and eliminated to enone 154. (nota bene: The
compound is now given in a different orientation.) Iodination
and subsequent reduction of the keto function furnished an
iodide suitable for Suzuki coupling with boronate 152. The thus
obtained lactone was deprotected to yield (+)-neoaltenuene with
the here given absolute configuration. Nevertheless, no infor-
mation on the chirality was given for the natural product [268].

Total synthesis of TMC-264 (79) presented by Tatsuta et al.
started with aryl benzoate 155, which was easily obtained by
esterification of suitable precursors (Scheme 13) [185]. Nickel-
catalyzed intramolecular coupling to penicilliumolide D (29)
and Co(salen)-catalyzed oxidation with molecular oxygen
yielded TMC-264 as the racemate, which could be separated
into the pure enantiomers by chiral HPLC.

Hardly any total synthesis of the cyclopenta-fused resorcylic
lactones has been published. Only the structures of the related
altenuic acids III (97) [300] and IV (98) [301], of cephalosol
(99, two total syntheses) [304,305], and of alternarlactam (117)
[316] were confirmed by total syntheses of these compounds.
The first total synthesis of cephalosol, published in 2010 [304],
started with protected orsellinic acid 156, which was deproto-
nated at the benzylic position and reacted with the Weinreb
amide of acetic acid to yield 157 (Scheme 14). Mukaiyama
aldol addition with monomethyl oxalyl chloride furnished a 1,3-
dicarbonyl 158, which was condensated to establish the resor-
cylic lactone moiety (159). Addition of an allyl Grignard
reagent and transformation of the allylic double bond into an
ester finalized the synthesis of racemic cephalosol (rac-99).

An overview on all published total syntheses of alternariol-
derived resorcylic lactones is given in Table 1 together with
notes on the used general synthetic strategy.
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Scheme 11: Total synthesis of altenuene (54) and isoaltenuene (55) by Podlech et al. [249].

Scheme 12: Total synthesis of neoaltenuene (69) by Podlech et al. [35].

Scheme 13: Total synthesis of TMC-264 (79) by Tatsuta et al. [185].



Beilstein J. Org. Chem. 2024, 20, 2171–2207.

2199

Scheme 14: Total synthesis of cephalosol (99) by Koert et al. [304].

Conclusion
The herein discussed resorcylic lactones derived from
alternariol are a very divers class of compounds with far more
than one hundred members. Although only about half a dozen
of these natural products is found as fungal contaminants in
food and feed and is thus of significant interest, e.g., in terms of
food safety, most of the further identified metabolites show
interesting biological properties and deserve further investiga-
tion. It would be very desirable if research in this field would be
intensified and if studies on the biosynthesis similarly of the
minor metabolites would be started. Further total syntheses
could not only verify (or reject) the proposed structures but
would supply sufficient material for these investigations.
Hopefully, this review helped to get a comprehensive over-
view on this class of compounds supporting future work in this
area.

Supporting Information
Supporting Information File 1
Attempted synthesis of 38 and calculated ECD spectrum of
70.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-20-187-S1.pdf]

Acknowledgements
This review is dedicated to the memory of the late Robert
Thomas (1927–2018) who isolated alternariol during his Ph.D.
thesis (1947–1951) and published the last time on Alternaria
toxins together with the author of this review in 2013.

The author wishes to thank all the former group members con-
tributing to the field of alternariol-derived resorcylic lactones,

i.e., Karen Koch, Drs. Martina Altemöller, Judith Cudaj,
Monika Müller, Timo Gehring, Daniel Weingand, Gregor
Nemecek, Dominik Kohler, Lucas Warmuth, Aaron Weiß, and
Stefan Herzog. Their contributions are found in the reference
list. The author is furthermore very grateful to Professors
Manfred Metzler, Doris Marco, Leane Lehmann, Reinhard
Fischer, and Christoph Syldatk for inspiring discussions and the
fruitful cooperations.

Funding
I thank the Jürgen-Manchot-Stiftung and the Deutsche
Forschungsgemeinschaft (DFG) for their funding during our
research on resorcylic lactones. I acknowledge support by the
state of Baden-Württemberg through bwHPC and the German
Research Foundation (DFG) through grant no. INST 40/575-1
FUGG (JUSTUS 2 cluster).

ORCID® iDs
Joachim Podlech - https://orcid.org/0000-0001-7881-6905

Data Availability Statement
All data that supports the findings of this study is available in the published
article and/or the supporting information to this article.

References
1. Bennett, J. W.; Klich, M. Clin. Microbiol. Rev. 2003, 16, 497–516.

doi:10.1128/cmr.16.3.497-516.2003
2. Bräse, S.; Encinas, A.; Keck, J.; Nising, C. F. Chem. Rev. 2009, 109,

3903–3990. doi:10.1021/cr050001f
3. Bräse, S.; Gläser, F.; Kramer, C. S.; Lindner, S.; Linsenmeier, A. M.;

Masters, K.-S.; Meister, A. C.; Ruff, B. M.; Zhong, S. In The Chemistry
of Mycotoxins; Kinghorn, A. D.; Falk, H.; Kobayashi, J., Eds.; Progress
in the Chemistry of Organic Natural Products, Vol. 97; Springer:
Vienna, Austria, 2013. doi:10.1007/978-3-7091-1312-7

4. Scott, P. M. J. AOAC Int. 2001, 84, 1809–1817.
doi:10.1093/jaoac/84.6.1809

https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-20-187-S1.pdf
https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-20-187-S1.pdf
https://orcid.org/0000-0001-7881-6905
https://doi.org/10.1128%2Fcmr.16.3.497-516.2003
https://doi.org/10.1021%2Fcr050001f
https://doi.org/10.1007%2F978-3-7091-1312-7
https://doi.org/10.1093%2Fjaoac%2F84.6.1809


Beilstein J. Org. Chem. 2024, 20, 2171–2207.

2200

5. Fernández Pinto, V. Detection and Determination of Alternaria
Mycotoxins in Fruits and Vegetables. In Mycotoxins in Fruits and
Vegetables; Barkai-Golan, R.; Paster, N., Eds.; Academic Press: San
Diego, CA, USA, 2008; pp 271–278.
doi:10.1016/b978-0-12-374126-4.00013-9

6. Ostry, V. World Mycotoxin J. 2008, 1, 175–188.
doi:10.3920/wmj2008.x013

7. Barkai-Golan, R. Alternaria Mycotoxins. In Mycotoxins in Fruits and
Vegetables; Barkai-Golan, R.; Paster, N., Eds.; Academic Press: San
Diego, CA, USA, 2008; pp 185–203.
doi:10.1016/b978-0-12-374126-4.00008-5

8. Logrieco, A.; Moretti, A.; Solfrizzo, M. World Mycotoxin J. 2009, 2,
129–140. doi:10.3920/wmj2009.1145

9. EFSA Panel on Contaminants in the Food Chain. EFSA J. 2011, 9,
2407. doi:10.2903/j.efsa.2011.2407

10. Dall’Asta, C.; Cirlini, M.; Falavigna, C. Mycotoxins from Alternaria:
Toxicological Implications. In Advances in Molecular Toxicology;
Fishbein, J. C.; Heilman, J. M., Eds.; Elsevier: Amsterdam,
Netherlands, 2014; Vol. 8, pp 107–121.
doi:10.1016/b978-0-444-63406-1.00003-9

11. Escrivá, L.; Oueslati, S.; Font, G.; Manyes, L. J. Food Qual. 2017,
1569748. doi:10.1155/2017/1569748

12. V. E., Fernández Pinto; Patriarca, A. Alternaria Species and Their
Associated Mycotoxins. In Mycotoxigenic Fungi: Methods and
Protocols; Moretti, A.; Susca, A., Eds.; Springer: New York, NY, USA,
2017; pp 13–32. doi:10.1007/978-1-4939-6707-0_2

13. Mao, Z.; Sun, W.; Fu, L.; Luo, H.; Lai, D.; Zhou, L. Molecules 2014,
19, 5088–5108. doi:10.3390/molecules19045088

14. Schäberle, T. F. Beilstein J. Org. Chem. 2016, 12, 571–588.
doi:10.3762/bjoc.12.56

15. Aichinger, G.; Del Favero, G.; Warth, B.; Marko, D.
Compr. Rev. Food Sci. Food Saf. 2021, 20, 4390–4406.
doi:10.1111/1541-4337.12803

16. Waheed, S. A.; Mustafa, Y. F. J. Med. Chem. Sci. 2022, 5, 703–721.
doi:10.26655/jmchemsci.2022.5.5

17. Islam, M. T.; Martorell, M.; González-Contreras, C.; Villagran, M.;
Mardones, L.; Tynybekov, B.; Docea, A. O.; Abdull Razis, A. F.;
Modu, B.; Calina, D.; Sharifi-Rad, J. Front. Pharmacol. 2023, 14,
1099380. doi:10.3389/fphar.2023.1099380

18. Bacha, S. A. S.; Li, Y.; Nie, J.; Xu, G.; Han, L.; Farooq, S.
Front. Plant Sci. 2023, 14, 1139757. doi:10.3389/fpls.2023.1139757

19. Nagda, A.; Meena, M. Food Control 2024, 158, 110211.
doi:10.1016/j.foodcont.2023.110211

20. Hill, R. A. Naturally Occurring Isocoumarins. Progress in the
Chemistry of Organic Natural Products; Springer: Vienna, Austria,
1986; Vol. 49, pp 1–78. doi:10.1007/978-3-7091-8846-0_1

21. Tammam, M. A.; Gamal El-Din, M. I.; Abood, A.; El-Demerdash, A.
RSC Adv. 2023, 13, 8049–8089. doi:10.1039/d2ra08245d

22. Winssinger, N.; Barluenga, S. Chem. Commun. 2007, 22–36.
doi:10.1039/b610344h

23. Jana, N.; Nanda, S. New J. Chem. 2018, 42, 17803–17873.
doi:10.1039/c8nj02534g

24. Bang, S.; Shim, S. H. Arch. Pharmacal Res. 2020, 43, 1093–1113.
doi:10.1007/s12272-020-01275-6

25. Shen, B. Curr. Opin. Chem. Biol. 2003, 7, 285–295.
doi:10.1016/s1367-5931(03)00020-6

26. Herbst, D. A.; Townsend, C. A.; Maier, T. Nat. Prod. Rep. 2018, 35,
1046–1069. doi:10.1039/c8np00039e

27. Xie, S.; Zhang, L. ChemBioChem 2023, 24, e202200775.
doi:10.1002/cbic.202200775

28. Katsuyama, Y.; Ohnishi, Y. Type III Polyketide Synthases in
Microorganisms. In Methods in Enzymology; Hopwood, D. A., Ed.;
Academic Press, 2012; Vol. 515, pp 359–377.
doi:10.1016/b978-0-12-394290-6.00017-3

29. Zhou, X.-M.; Zhang, B.; Chen, G.-Y.; Han, C.-R.; Jiang, K.-C.;
Luo, M.-Y.; Meng, B.-Z.; Li, W.-X.; Lin, S.-D. Nat. Prod. Res. 2018, 32,
2464–2467. doi:10.1080/14786419.2017.1419241

30. Garcia-Muñoz, C.; Vaillant, F. Crit. Rev. Food Sci. Nutr. 2014, 54,
1584–1598. doi:10.1080/10408398.2011.644643

31. Yan, S.-L.; Su, Y.-F.; Chen, L.; Que, M.; Gao, X.-M.; Chang, J.-B.
J. Nat. Prod. 2014, 77, 397–401. doi:10.1021/np400720y

32. Kodama, A.; Shibano, H.; Kawabata, J. Biosci., Biotechnol., Biochem.
2007, 71, 1731–1734. doi:10.1271/bbb.70139

33. Raistrick, H.; Stickings, C. E.; Thomas, R. Biochem. J. 1953, 55,
421–433. doi:10.1042/bj0550421

34. Kanakam, C. C.; Mani, N. S.; Rao, G. S. R. S.
J. Chem. Soc., Perkin Trans. 1 1990, 2233–2237.
doi:10.1039/p19900002233

35. Altemöller, M.; Podlech, J. Eur. J. Org. Chem. 2009, 2275–2282.
doi:10.1002/ejoc.200900125

36. Overeem, J. C.; van Dijkman, A. Recl. Trav. Chim. Pays-Bas 1968,
87, 940–944. doi:10.1002/recl.19680870810

37. Kameda, K.; Aoki, H.; Namiki, M.; Overeem, J. C. Tetrahedron Lett.
1974, 15, 103–106. doi:10.1016/s0040-4039(01)82147-x

38. Pero, R. W.; Owens, R. G.; Dale, S. W.; Harvan, D.
Biochim. Biophys. Acta, Gen. Subj. 1971, 230, 170–179.
doi:10.1016/0304-4165(71)90064-x

39. McPhail, A. T.; Miller, R. W.; Harvan, D.; Pero, R. W.
J. Chem. Soc., Chem. Commun. 1973, 682.
doi:10.1039/c39730000682

40. Pero, R. W.; Harvan, D.; Blois, M. C. Tetrahedron Lett. 1973, 14,
945–948. doi:10.1016/s0040-4039(00)72458-0

41. Thomas, R.; Nemecek, G.; Podlech, J. Nat. Prod. Res. 2013, 27,
2053–2054. doi:10.1080/14786419.2013.819509

42. Thomas, R. Biochem. J. 1961, 80, 234–240. doi:10.1042/bj0800234
43. Tanahashi, T.; Takenaka, Y.; Nagakura, N.; Hamada, N.

Phytochemistry 2003, 62, 71–75. doi:10.1016/s0031-9422(02)00402-8
44. Altemöller, M.; Gehring, T.; Cudaj, J.; Podlech, J.; Goesmann, H.;

Feldmann, C.; Rothenberger, A. Eur. J. Org. Chem. 2009, 2130–2140.
doi:10.1002/ejoc.200801278

45. Hamada, N.; Tanahashi, T.; Goldsmith, S.; Nash, T. H., III. Symbiosis
1997, 23, 219–224.

46. Hamada, N.; Tanahashi, T.; Miyagawa, H.; Miyawaki, H. Symbiosis
2001, 31, 23–33.

47. Liu, Y.; Wu, Y.; Zhai, R.; Liu, Z.; Huang, X.; She, Z. RSC Adv. 2016, 6,
72127–72132. doi:10.1039/c6ra16214b

48. Jin, P.-f.; Zuo, W.-f.; Guo, Z.-k.; Mei, W.-l.; Dai, H.-f. Yaoxue Xuebao
2013, 48, 1688–1691.

49. Ayer, W. A.; Racok, J. S. Can. J. Chem. 1990, 68, 2085–2094.
doi:10.1139/v90-318

50. Woudenberg, J. H. C.; Groenewald, J. Z.; Binder, M.; Crous, P. W.
Stud. Mycol. 2013, 75, 171–212. doi:10.3114/sim0015

51. Lawrence, D. P.; Gannibal, P. B.; Peever, T. L.; Pryor, B. M.
Mycologia 2013, 105, 530–546. doi:10.3852/12-249

52. Lawrence, D. P.; Rotondo, F.; Gannibal, P. B. Mycol. Prog. 2016, 15,
3. doi:10.1007/s11557-015-1144-x

53. Woudenberg, J. H. C.; Seidl, M. F.; Groenewald, J. Z.; de Vries, M.;
Stielow, J. B.; Thomma, B. P. H. J.; Crous, P. W. Stud. Mycol. 2015,
82, 1–21. doi:10.1016/j.simyco.2015.07.001

https://doi.org/10.1016%2Fb978-0-12-374126-4.00013-9
https://doi.org/10.3920%2Fwmj2008.x013
https://doi.org/10.1016%2Fb978-0-12-374126-4.00008-5
https://doi.org/10.3920%2Fwmj2009.1145
https://doi.org/10.2903%2Fj.efsa.2011.2407
https://doi.org/10.1016%2Fb978-0-444-63406-1.00003-9
https://doi.org/10.1155%2F2017%2F1569748
https://doi.org/10.1007%2F978-1-4939-6707-0_2
https://doi.org/10.3390%2Fmolecules19045088
https://doi.org/10.3762%2Fbjoc.12.56
https://doi.org/10.1111%2F1541-4337.12803
https://doi.org/10.26655%2Fjmchemsci.2022.5.5
https://doi.org/10.3389%2Ffphar.2023.1099380
https://doi.org/10.3389%2Ffpls.2023.1139757
https://doi.org/10.1016%2Fj.foodcont.2023.110211
https://doi.org/10.1007%2F978-3-7091-8846-0_1
https://doi.org/10.1039%2Fd2ra08245d
https://doi.org/10.1039%2Fb610344h
https://doi.org/10.1039%2Fc8nj02534g
https://doi.org/10.1007%2Fs12272-020-01275-6
https://doi.org/10.1016%2Fs1367-5931%2803%2900020-6
https://doi.org/10.1039%2Fc8np00039e
https://doi.org/10.1002%2Fcbic.202200775
https://doi.org/10.1016%2Fb978-0-12-394290-6.00017-3
https://doi.org/10.1080%2F14786419.2017.1419241
https://doi.org/10.1080%2F10408398.2011.644643
https://doi.org/10.1021%2Fnp400720y
https://doi.org/10.1271%2Fbbb.70139
https://doi.org/10.1042%2Fbj0550421
https://doi.org/10.1039%2Fp19900002233
https://doi.org/10.1002%2Fejoc.200900125
https://doi.org/10.1002%2Frecl.19680870810
https://doi.org/10.1016%2Fs0040-4039%2801%2982147-x
https://doi.org/10.1016%2F0304-4165%2871%2990064-x
https://doi.org/10.1039%2Fc39730000682
https://doi.org/10.1016%2Fs0040-4039%2800%2972458-0
https://doi.org/10.1080%2F14786419.2013.819509
https://doi.org/10.1042%2Fbj0800234
https://doi.org/10.1016%2Fs0031-9422%2802%2900402-8
https://doi.org/10.1002%2Fejoc.200801278
https://doi.org/10.1039%2Fc6ra16214b
https://doi.org/10.1139%2Fv90-318
https://doi.org/10.3114%2Fsim0015
https://doi.org/10.3852%2F12-249
https://doi.org/10.1007%2Fs11557-015-1144-x
https://doi.org/10.1016%2Fj.simyco.2015.07.001


Beilstein J. Org. Chem. 2024, 20, 2171–2207.

2201

54. Rosett, T.; Sankhala, R. H.; Stickings, C. E.; Taylor, M. E. U.;
Thomas, R. Biochem. J. 1957, 67, 390–400. doi:10.1042/bj0670390

55. Siegel, D.; Troyanov, S.; Noack, J.; Emmerling, F.; Nehls, I.
Acta Crystallogr., Sect. E: Struct. Rep. Online 2010, 66, o1366.
doi:10.1107/s1600536810017502

56. Scharkoi, O.; Fackeldey, K.; Merkulow, I.; Andrae, K.; Weber, M.;
Nehls, I.; Siegel, D. J. Mol. Model. 2013, 19, 2567–2572.
doi:10.1007/s00894-013-1803-2

57. Rue, K. L.; Niu, G.; Li, J.; Raptis, R. G. Crystals 2022, 12, 579.
doi:10.3390/cryst12050579

58. Thomas, R. Proc. Chem. Soc. 1959, 88.
59. Thomas, R. Biochem. J. 1961, 78, 748–758. doi:10.1042/bj0780748
60. von Ramm, C.; Lucas, G. B. Tob. Sci. 1963, 7, 81–84.

Chem. Abstr. 1963, 59, 43319.
61. Sóti, F.; Incze, M.; Kajtár-Peredy, M.; Baitz-Gács, E.; Imre, L.;

Farkas, L. Chem. Ber. 1977, 110, 979–984.
doi:10.1002/cber.19771100317

62. Koch, K.; Podlech, J.; Pfeiffer, E.; Metzler, M. J. Org. Chem. 2005, 70,
3275–3276. doi:10.1021/jo050075r

63. Abe, H.; Fukumoto, T.; Takeuchi, Y.; Harayama, T. Heterocycles
2007, 74, 265–271. doi:10.3987/com-07-s(w)3

64. Won, M.; Kwon, S.; Kim, T.-H. J. Korean Chem. Soc. 2015, 59,
471–474. doi:10.5012/jkcs.2015.59.5.471

65. Hay, J. V.; Harris, T. M. J. Chem. Soc., Chem. Commun. 1972,
953–955. doi:10.1039/c3972000953b

66. Harris, T. M.; Hay, J. V. J. Am. Chem. Soc. 1977, 99, 1631–1637.
doi:10.1021/ja00447a058

67. Leeper, F. J.; Staunton, J. J. Chem. Soc., Chem. Commun. 1978,
406–407. doi:10.1039/c39780000406

68. Abell, C.; Bush, B. D.; Staunton, J. J. Chem. Soc., Chem. Commun.
1986, 15–17. doi:10.1039/c39860000015

69. Liu, Y.; Rychlik, M. Anal. Bioanal. Chem. 2015, 407, 1357–1369.
doi:10.1007/s00216-014-8307-5

70. Sebald, M. A.; Gebauer, J.; Koch, M. Synthesis 2022, 54, 4285–4293.
doi:10.1055/a-1698-8328

71. Solhaug, A.; Eriksen, G. S.; Holme, J. A.
Basic Clin. Pharmacol. Toxicol. 2016, 119, 533–539.
doi:10.1111/bcpt.12635

72. Aichinger, G. Int. J. Mol. Sci. 2021, 22, 13063.
doi:10.3390/ijms222313063

73. Freeman, G. G. Phytochemistry 1966, 5, 719–725.
doi:10.1016/s0031-9422(00)83652-3

74. Pero, R. W.; Posner, H.; Blois, M.; Harvan, D.; Spalding, J. W.
Environ. Health Perspect. 1973, 4, 87–94. doi:10.1289/ehp.730487

75. Juan-García, A.; Juan, C.; König, S.; Ruiz, M.-J. Toxicol. Lett. 2015,
235, 8–16. doi:10.1016/j.toxlet.2015.03.003

76. Bensassi, F.; Gallerne, C.; Sharaf El Dein, O.; Hajlaoui, M. R.;
Bacha, H.; Lemaire, C. Toxicol. In Vitro 2012, 26, 915–923.
doi:10.1016/j.tiv.2012.04.014

77. Fernández-Blanco, C.; Juan-García, A.; Juan, C.; Font, G.; Ruiz, M.-J.
Food Chem. Toxicol. 2016, 88, 32–39. doi:10.1016/j.fct.2015.11.022

78. Bensassi, F.; Gallerne, C.; Sharaf el dein, O.; Rabeh Hajlaoui, M.;
Bacha, H.; Lemaire, C. Toxicol. Mech. Methods 2015, 25, 56–62.
doi:10.3109/15376516.2014.985354

79. Schoevers, E. J.; Santos, R. R.; Roelen, B. A. J. Mycotoxin Res.
2020, 36, 93–101. doi:10.1007/s12550-019-00372-w

80. Scott, P. M.; Stoltz, D. R. Mutat. Res. 1980, 78, 33–40.
doi:10.1016/0165-1218(80)90023-3

81. DiCosmo, F.; Straus, N. A. Experientia 1985, 41, 1188–1190.
doi:10.1007/bf01951722

82. Davis, V. M.; Stack, M. E. Appl. Environ. Microbiol. 1994, 60,
3901–3902. doi:10.1128/aem.60.10.3901-3902.1994

83. Schrader, T. J.; Cherry, W.; Soper, K.; Langlois, I.; Vijay, H. M.
Teratog., Carcinog., Mutagen. 2001, 21, 261–274.
doi:10.1002/tcm.1014

84. Brugger, E.-M.; Wagner, J.; Schumacher, D. M.; Koch, K.; Podlech, J.;
Metzler, M.; Lehmann, L. Toxicol. Lett. 2006, 164, 221–230.
doi:10.1016/j.toxlet.2006.01.001

85. Lehmann, L.; Wagner, J.; Metzler, M. Food Chem. Toxicol. 2006, 44,
398–408. doi:10.1016/j.fct.2005.08.013

86. Pfeiffer, E.; Eschbach, S.; Metzler, M. Mycotoxin Res. 2007, 23,
152–157. doi:10.1007/bf02951512

87. Hessel-Pras, S.; Kieshauer, J.; Roenn, G.; Luckert, C.; Braeuning, A.;
Lampen, A. Mycotoxin Res. 2019, 35, 157–168.
doi:10.1007/s12550-018-0339-9

88. Fehr, M.; Pahlke, G.; Fritz, J.; Christensen, M. O.; Boege, F.;
Altemöller, M.; Podlech, J.; Marko, D. Mol. Nutr. Food Res. 2009, 53,
441–451. doi:10.1002/mnfr.200700379

89. Fleck, S. C.; Sauter, F.; Pfeiffer, E.; Metzler, M.; Hartwig, A.;
Köberle, B. Mutat. Res., Genet. Toxicol. Environ. Mutagen. 2016,
798–799, 27–34. doi:10.1016/j.mrgentox.2016.02.001

90. Zhu, H.; Yang, C.; Zhao, W.-d.; Wang, S.-c.; Zhang, Q.
Xiandai Yufang Yixue 2012, 39, 5071–5073.
Chem. Abstr. 2013, 159, 710825.

91. Tiessen, C.; Gehrke, H.; Kropat, C.; Schwarz, C.; Bächler, S.;
Fehr, M.; Pahlke, G.; Marko, D. World Mycotoxin J. 2013, 6, 233–244.
doi:10.3920/wmj2013.1592

92. Solhaug, A.; Torgersen, M. L.; Holme, J. A.; Lagadic-Gossmann, D.;
Eriksen, G. S. Toxicology 2014, 326, 119–129.
doi:10.1016/j.tox.2014.10.009

93. Aichinger, G.; Beisl, J.; Marko, D. Mol. Nutr. Food Res. 2017, 61,
1600462. doi:10.1002/mnfr.201600462

94. Solhaug, A.; Vines, L. L.; Ivanova, L.; Spilsberg, B.; Holme, J. A.;
Pestka, J.; Collins, A.; Eriksen, G. S.
Mutat. Res., Fundam. Mol. Mech. Mutagen. 2012, 738–739, 1–11.
doi:10.1016/j.mrfmmm.2012.09.001

95. Solhaug, A.; Wisbech, C.; Christoffersen, T. E.; Hult, L. O.; Lea, T.;
Eriksen, G. S.; Holme, J. A. Toxicol. Lett. 2015, 239, 9–21.
doi:10.1016/j.toxlet.2015.08.1107

96. Schreck, I.; Deigendesch, U.; Burkhardt, B.; Marko, D.; Weiss, C.
Arch. Toxicol. 2012, 86, 625–632. doi:10.1007/s00204-011-0781-3

97. Groestlinger, J.; Spindler, V.; Pahlke, G.; Rychlik, M.; Del Favero, G.;
Marko, D. Chem. Res. Toxicol. 2022, 35, 731–749.
doi:10.1021/acs.chemrestox.1c00364

98. Schmutz, C.; Cenk, E.; Marko, D. Mol. Nutr. Food Res. 2019, 63,
1900341. doi:10.1002/mnfr.201900341

99. Frizzell, C.; Ndossi, D.; Kalayou, S.; Eriksen, G. S.; Verhaegen, S.;
Sørlie, M.; Elliott, C. T.; Ropstad, E.; Connolly, L.
Toxicol. Appl. Pharmacol. 2013, 271, 64–71.
doi:10.1016/j.taap.2013.05.002

100.Tiemann, U.; Tomek, W.; Schneider, F.; Müller, M.; Pöhland, R.;
Vanselow, J. Toxicol. Lett. 2009, 186, 139–145.
doi:10.1016/j.toxlet.2009.01.014

101.Stypuła-Trębas, S.; Minta, M.; Radko, L.; Jedziniak, P.; Posyniak, A.
Environ. Toxicol. Pharmacol. 2017, 55, 208–211.
doi:10.1016/j.etap.2017.08.036

102.Pfeiffer, E.; Schebb, N. H.; Podlech, J.; Metzler, M.
Mol. Nutr. Food Res. 2007, 51, 307–316.
doi:10.1002/mnfr.200600237

https://doi.org/10.1042%2Fbj0670390
https://doi.org/10.1107%2Fs1600536810017502
https://doi.org/10.1007%2Fs00894-013-1803-2
https://doi.org/10.3390%2Fcryst12050579
https://doi.org/10.1042%2Fbj0780748
https://doi.org/10.1002%2Fcber.19771100317
https://doi.org/10.1021%2Fjo050075r
https://doi.org/10.3987%2Fcom-07-s%28w%293
https://doi.org/10.5012%2Fjkcs.2015.59.5.471
https://doi.org/10.1039%2Fc3972000953b
https://doi.org/10.1021%2Fja00447a058
https://doi.org/10.1039%2Fc39780000406
https://doi.org/10.1039%2Fc39860000015
https://doi.org/10.1007%2Fs00216-014-8307-5
https://doi.org/10.1055%2Fa-1698-8328
https://doi.org/10.1111%2Fbcpt.12635
https://doi.org/10.3390%2Fijms222313063
https://doi.org/10.1016%2Fs0031-9422%2800%2983652-3
https://doi.org/10.1289%2Fehp.730487
https://doi.org/10.1016%2Fj.toxlet.2015.03.003
https://doi.org/10.1016%2Fj.tiv.2012.04.014
https://doi.org/10.1016%2Fj.fct.2015.11.022
https://doi.org/10.3109%2F15376516.2014.985354
https://doi.org/10.1007%2Fs12550-019-00372-w
https://doi.org/10.1016%2F0165-1218%2880%2990023-3
https://doi.org/10.1007%2Fbf01951722
https://doi.org/10.1128%2Faem.60.10.3901-3902.1994
https://doi.org/10.1002%2Ftcm.1014
https://doi.org/10.1016%2Fj.toxlet.2006.01.001
https://doi.org/10.1016%2Fj.fct.2005.08.013
https://doi.org/10.1007%2Fbf02951512
https://doi.org/10.1007%2Fs12550-018-0339-9
https://doi.org/10.1002%2Fmnfr.200700379
https://doi.org/10.1016%2Fj.mrgentox.2016.02.001
https://doi.org/10.3920%2Fwmj2013.1592
https://doi.org/10.1016%2Fj.tox.2014.10.009
https://doi.org/10.1002%2Fmnfr.201600462
https://doi.org/10.1016%2Fj.mrfmmm.2012.09.001
https://doi.org/10.1016%2Fj.toxlet.2015.08.1107
https://doi.org/10.1007%2Fs00204-011-0781-3
https://doi.org/10.1021%2Facs.chemrestox.1c00364
https://doi.org/10.1002%2Fmnfr.201900341
https://doi.org/10.1016%2Fj.taap.2013.05.002
https://doi.org/10.1016%2Fj.toxlet.2009.01.014
https://doi.org/10.1016%2Fj.etap.2017.08.036
https://doi.org/10.1002%2Fmnfr.200600237


Beilstein J. Org. Chem. 2024, 20, 2171–2207.

2202

103.Burkhardt, B.; Wittenauer, J.; Pfeiffer, E.; Schauer, U. M. D.;
Metzler, M. Mol. Nutr. Food Res. 2011, 55, 1079–1086.
doi:10.1002/mnfr.201000487

104.Pfeiffer, E.; Schmit, C.; Burkhardt, B.; Altemöller, M.; Podlech, J.;
Metzler, M. Mycotoxin Res. 2009, 25, 3–10.
doi:10.1007/s12550-008-0001-z

105.Burkhardt, B.; Jung, S. A.; Pfeiffer, E.; Weiss, C.; Metzler, M.
Arch. Toxicol. 2012, 86, 643–649. doi:10.1007/s00204-011-0789-8

106.Appel (Kohn), B. N.; Gottmann, J.; Schäfer, J.; Bunzel, M.
Cereal Chem. 2021, 98, 109–122. doi:10.1002/cche.10360

107.Lemke, A.; Burkhardt, B.; Bunzel, D.; Pfeiffer, E.; Metzler, M.;
Huch, M.; Kulling, S. E.; Franz, C. M. A. P. World Mycotoxin J. 2016,
9, 41–50. doi:10.3920/wmj2014.1875

108.Dasari, S.; Bhadbhade, M.; Neilan, B. A.
Acta Crystallogr., Sect. E: Struct. Rep. Online 2012, 68, o1471.
doi:10.1107/s1600536812015000

109.Onocha, P. A.; Okorie, D. A.; Connolly, J. D.; Roycroft, D. S.
Phytochemistry 1995, 40, 1183–1189.
doi:10.1016/0031-9422(95)00121-m

110.Pero, R. W.; Main, C. E. Phytopathology 1970, 60, 1570–1573.
doi:10.1094/phyto-60-1570

111.An, Y.-H.; Zhao, T.-Z.; Miao, J.; Liu, G.-T.; Zheng, Y.-Z.; Xu, Y.-M.;
Van Etten, R. L. J. Agric. Food Chem. 1989, 37, 1341–1343.
doi:10.1021/jf00089a029

112.Pollock, G. A.; DiSabatino, C. E.; Heimsch, R. C.; Hilbelink, D. R.
Food Chem. Toxicol. 1982, 20, 899–902.
doi:10.1016/s0015-6264(82)80225-3

113.Bensassi, F.; Gallerne, C.; Sharaf el dein, O.; Hajlaoui, M. R.;
Bacha, H.; Lemaire, C. Toxicology 2011, 290, 230–240.
doi:10.1016/j.tox.2011.09.087

114.Tang, X.; Chen, Y.; Zhu, X.; Miao, Y.; Wang, D.; Zhang, J.; Li, R.;
Zhang, L.; Chen, J. Mutat. Res., Genet. Toxicol. Environ. Mutagen.
2022, 873, 503435. doi:10.1016/j.mrgentox.2021.503435

115.Lou, J.; Yu, R.; Wang, X.; Mao, Z.; Fu, L.; Liu, Y.; Zhou, L.
Braz. J. Microbiol. 2016, 47, 96–101. doi:10.1016/j.bjm.2015.11.004

116.Lee, H. W.; Kim, Y. J.; Nam, S.-J.; Kim, H. J. Microbiol. Biotechnol.
2017, 27, 316–320. doi:10.4014/jmb.1610.10053

117.Tiessen, C.; Ellmer, D.; Mikula, H.; Pahlke, G.; Warth, B.; Gehrke, H.;
Zimmermann, K.; Heiss, E.; Fröhlich, J.; Marko, D. Arch. Toxicol.
2017, 91, 1213–1226. doi:10.1007/s00204-016-1801-0

118.Olsen, M.; Visconti, A. Toxicol. In Vitro 1988, 2, 27–29.
doi:10.1016/0887-2333(88)90033-1

119.Burkhardt, B.; Pfeiffer, E.; Metzler, M. Mycotoxin Res. 2009, 25,
149–157. doi:10.1007/s12550-009-0022-2

120.Hildebrand, A. A.; Kohn, B. N.; Pfeiffer, E.; Wefers, D.; Metzler, M.;
Bunzel, M. J. Agric. Food Chem. 2015, 63, 4728–4736.
doi:10.1021/acs.jafc.5b00806

121.Puntscher, H.; Cobankovic, I.; Marko, D.; Warth, B. Food Control
2019, 102, 157–165. doi:10.1016/j.foodcont.2019.03.019

122.Puntscher, H.; Hankele, S.; Tillmann, K.; Attakpah, E.; Braun, D.;
Kütt, M.-L.; Del Favero, G.; Aichinger, G.; Pahlke, G.; Höger, H.;
Marko, D.; Warth, B. Toxicol. Lett. 2019, 301, 168–178.
doi:10.1016/j.toxlet.2018.10.006

123.Zhang, N.; Zhang, C.; Xiao, X.; Zhang, Q.; Huang, B. Fitoterapia 2016,
110, 173–180. doi:10.1016/j.fitote.2016.03.014

124.Tan, N.; Tao, Y.; Pan, J.; Wang, S.; Xu, F.; She, Z.; Lin, Y.;
Gareth Jones, E. B. Chem. Nat. Compd. 2008, 44, 296–300.
doi:10.1007/s10600-008-9046-7

125.Yang, Z.-J.; Yang, T.; Luo, M.-Y.; Xia, X.; Chen, D.-J.; Qian, X.-P.
Yaoxue Xuebao 2013, 48, 891–895.

126.Chang, H.-S.; Lin, C.-H.; Chen, Y.-S.; Wang, H.-C.; Chan, H.-Y.;
Hsieh, S.-Y.; Wu, H.-C.; Cheng, M.-J.; Yuan, G.-F.; Lin, S.-Y.;
Lin, Y.-J.; Chen, I.-S. Int. J. Mol. Sci. 2016, 17, 1512.
doi:10.3390/ijms17091512

127.Yu, J.-J.; Yang, H.-X.; Zhang, F.-L.; He, J.; Li, Z.-H.; Liu, J.-K.;
Feng, T. Phytochem. Lett. 2021, 46, 143–148.
doi:10.1016/j.phytol.2021.10.013

128.Guo, L.; Niu, S.; Chen, S.; Liu, L. J. Antibiot. 2020, 73, 116–119.
doi:10.1038/s41429-019-0251-3

129.Tang, M.; Zhou, X.; Cai, J.; Chen, G. Biochem. Syst. Ecol. 2021, 99,
104348. doi:10.1016/j.bse.2021.104348

130.Weber, A.; Breugst, M.; Pietruszka, J. Angew. Chem. 2020, 132,
18868–18875. doi:10.1002/ange.202008365
Angew. Chem., Int. Ed. 2020, 59, 18709–18716.
doi:10.1002/anie.202008365

131.Berthiller, F.; Crews, C.; Dall'Asta, C.; De Saeger, S.; Haesaert, G.;
Karlovsky, P.; Oswald, I. P.; Seefelder, W.; Speijers, G.; Stroka, J.
Mol. Nutr. Food Res. 2013, 57, 165–186.
doi:10.1002/mnfr.201100764

132.Berthiller, F.; Schuhmacher, R.; Adam, G.; Krska, R.
Anal. Bioanal. Chem. 2009, 395, 1243–1252.
doi:10.1007/s00216-009-2874-x

133.De Boevre, M.; Di Mavungu, J. D.; Landschoot, S.; Audenaert, K.;
Eeckhout, M.; Maene, P.; Haesaert, G.; De Saeger, S.
World Mycotoxin J. 2012, 5, 207–219. doi:10.3920/wmj2012.1410

134.Walravens, J.; Mikula, H.; Rychlik, M.; Asam, S.; Devos, T.;
Njumbe Ediage, E.; Di Mavungu, J. D.; Jacxsens, L.;
Van Landschoot, A.; Vanhaecke, L.; De Saeger, S.
J. Agric. Food Chem. 2016, 64, 5101–5109.
doi:10.1021/acs.jafc.6b01029

135.López, P.; Venema, D.; Mol, H.; Spanjer, M.; de Stoppelaar, J.;
Pfeiffer, E.; de Nijs, M. Food Control 2016, 69, 153–159.
doi:10.1016/j.foodcont.2016.04.001

136.Jaster-Keller, J.; Müller, M. E. H.; El-Khatib, A. H.; Lorenz, N.;
Bahlmann, A.; Mülow-Stollin, U.; Bunzel, M.; Scheibenzuber, S.;
Rychlik, M.; von der Waydbrink, G.; Weigel, S. Mycotoxin Res. 2023,
39, 109–126. doi:10.1007/s12550-023-00477-3

137.Puntscher, H.; Kütt, M.-L.; Skrinjar, P.; Mikula, H.; Podlech, J.;
Fröhlich, J.; Marko, D.; Warth, B. Anal. Bioanal. Chem. 2018, 410,
4481–4494. doi:10.1007/s00216-018-1105-8

138.Xu, G.-B.; Pu, X.; Bai, H.-H.; Chen, X.-Z.; Li, G.-Y. Nat. Prod. Res.
2015, 29, 848–852. doi:10.1080/14786419.2014.990905

139.Liang, D.; Luo, H.; Liu, Y.-F.; Hao, Z.-Y.; Wang, Y.; Zhang, C.-L.;
Zhang, Q.-J.; Chen, R.-Y.; Yu, D.-Q. Tetrahedron 2013, 69,
2093–2097. doi:10.1016/j.tet.2013.01.029

140.Ni, G.; Yu, D. Chin. J. Org. Chem. 2013, 33, 1129–1134.
doi:10.6023/cjoc201303051

141.Walravens, J.; Mikula, H.; Rychlik, M.; Asam, S.; Ediage, E. N.;
Di Mavungu, J. D.; Van Landschoot, A.; Vanhaecke, L.; De Saeger, S.
J. Chromatogr. A 2014, 1372, 91–101.
doi:10.1016/j.chroma.2014.10.083

142.Wan, Q.; Feng, Z.; Li, X.; Lv, M.; Guo, Z.; Deng, Z.; Zou, K.
Z. Naturforsch., B: J. Chem. Sci. 2016, 71, 283–286.
doi:10.1515/znb-2015-0184

143.Mountessou, B. Y. G.; Anoumedem, É. G. M.; Kemkuignou, B. M.;
Marin-Felix, Y.; Surup, F.; Stadler, M.; Kouam, S. F.
Beilstein J. Org. Chem. 2023, 19, 1555–1561.
doi:10.3762/bjoc.19.112

144.Mikula, H.; Skrinjar, P.; Sohr, B.; Ellmer, D.; Hametner, C.; Fröhlich, J.
Tetrahedron 2013, 69, 10322–10330. doi:10.1016/j.tet.2013.10.008

https://doi.org/10.1002%2Fmnfr.201000487
https://doi.org/10.1007%2Fs12550-008-0001-z
https://doi.org/10.1007%2Fs00204-011-0789-8
https://doi.org/10.1002%2Fcche.10360
https://doi.org/10.3920%2Fwmj2014.1875
https://doi.org/10.1107%2Fs1600536812015000
https://doi.org/10.1016%2F0031-9422%2895%2900121-m
https://doi.org/10.1094%2Fphyto-60-1570
https://doi.org/10.1021%2Fjf00089a029
https://doi.org/10.1016%2Fs0015-6264%2882%2980225-3
https://doi.org/10.1016%2Fj.tox.2011.09.087
https://doi.org/10.1016%2Fj.mrgentox.2021.503435
https://doi.org/10.1016%2Fj.bjm.2015.11.004
https://doi.org/10.4014%2Fjmb.1610.10053
https://doi.org/10.1007%2Fs00204-016-1801-0
https://doi.org/10.1016%2F0887-2333%2888%2990033-1
https://doi.org/10.1007%2Fs12550-009-0022-2
https://doi.org/10.1021%2Facs.jafc.5b00806
https://doi.org/10.1016%2Fj.foodcont.2019.03.019
https://doi.org/10.1016%2Fj.toxlet.2018.10.006
https://doi.org/10.1016%2Fj.fitote.2016.03.014
https://doi.org/10.1007%2Fs10600-008-9046-7
https://doi.org/10.3390%2Fijms17091512
https://doi.org/10.1016%2Fj.phytol.2021.10.013
https://doi.org/10.1038%2Fs41429-019-0251-3
https://doi.org/10.1016%2Fj.bse.2021.104348
https://doi.org/10.1002%2Fange.202008365
https://doi.org/10.1002%2Fanie.202008365
https://doi.org/10.1002%2Fmnfr.201100764
https://doi.org/10.1007%2Fs00216-009-2874-x
https://doi.org/10.3920%2Fwmj2012.1410
https://doi.org/10.1021%2Facs.jafc.6b01029
https://doi.org/10.1016%2Fj.foodcont.2016.04.001
https://doi.org/10.1007%2Fs12550-023-00477-3
https://doi.org/10.1007%2Fs00216-018-1105-8
https://doi.org/10.1080%2F14786419.2014.990905
https://doi.org/10.1016%2Fj.tet.2013.01.029
https://doi.org/10.6023%2Fcjoc201303051
https://doi.org/10.1016%2Fj.chroma.2014.10.083
https://doi.org/10.1515%2Fznb-2015-0184
https://doi.org/10.3762%2Fbjoc.19.112
https://doi.org/10.1016%2Fj.tet.2013.10.008


Beilstein J. Org. Chem. 2024, 20, 2171–2207.

2203

145.Pavicich, M. A.; De Boevre, M.; Vidal, A.; Mikula, H.; Warth, B.;
Marko, D.; De Saeger, S.; Patriarca, A. Exposure Health 2024, 16,
149–158. doi:10.1007/s12403-023-00544-1

146.Soukup, S. T.; Kohn, B. N.; Pfeiffer, E.; Geisen, R.; Metzler, M.;
Bunzel, M.; Kulling, S. E. J. Agric. Food Chem. 2016, 64, 8892–8901.
doi:10.1021/acs.jafc.6b03120

147.Aly, A. H.; Edrada-Ebel, R.; Indriani, I. D.; Wray, V.; Müller, W. E. G.;
Totzke, F.; Zirrgiebel, U.; Schächtele, C.; Kubbutat, M. H. G.;
Lin, W. H.; Proksch, P.; Ebel, R. J. Nat. Prod. 2008, 71, 972–980.
doi:10.1021/np070447m

148.Hawas, U. W.; El-Desouky, S.; Abou El-Kassem, L.; Elkhateeb, W.
Appl. Biochem. Microbiol. 2015, 51, 579–584.
doi:10.1134/s0003683815050099

149.Kelman, M. J.; Renaud, J. B.; Seifert, K. A.; Mack, J.; Sivagnanam, K.;
Yeung, K. K.-C.; Sumarah, M. W. Rapid Commun. Mass Spectrom.
2015, 29, 1805–1810. doi:10.1002/rcm.7286

150.Pfeiffer, E.; Burkhardt, B.; Altemöller, M.; Podlech, J.; Metzler, M.
Mycotoxin Res. 2008, 24, 117–123. doi:10.1007/bf03032337

151.Talontsi, F. M.; Islam, M. T.; Facey, P.; Douanla-Meli, C.;
von Tiedemann, A.; Laatsch, H. Phytochem. Lett. 2012, 5, 657–664.
doi:10.1016/j.phytol.2012.06.017

152.Chapla, V. M.; Zeraik, M. L.; Ximenes, V. F.; Zanardi, L. M.;
Lopes, M. N.; Cavalheiro, A. J.; Silva, D. H. S.; Young, M. C. M.;
da Fonseca, L. M.; Bolzani, V. S.; Araújo, A. R. Molecules 2014, 19,
6597–6608. doi:10.3390/molecules19056597

153.Tao, M.-H.; Chen, Y.-C.; Wei, X.-Y.; Tan, J.-W.; Zhang, W.-M.
Helv. Chim. Acta 2014, 97, 426–430. doi:10.1002/hlca.201300367

154.Pu, H.; Liu, J.; Wang, Y.; Peng, Y.; Zheng, W.; Tang, Y.; Hui, B.;
Nie, C.; Huang, X.; Duan, Y.; Huang, Y.
Front. Chem. (Lausanne, Switz.) 2021, 9, 679592.
doi:10.3389/fchem.2021.679592

155.Drakopoulos, D.; Sulyok, M.; Krska, R.; Logrieco, A. F.;
Vogelgsang, S. Food Control 2021, 125, 107919.
doi:10.1016/j.foodcont.2021.107919

156.Steglińska, A.; Sulyok, M.; Janas, R.; Grzesik, M.; Liszkowska, W.;
Kręgiel, D.; Gutarowska, B. Int. J. Environ. Res. Public Health 2023,
20, 5221. doi:10.3390/ijerph20065221

157.Xu, L.; Ma, H.-B.; Wu, T.; Liu, L.-F.; Xie, M.-M.; Hu, M.-Y.; Gai, Y.-B.;
Zhong, T.-H.; Yang, X.-W. Chem. Biodiversity 2023, 20, e202300753.
doi:10.1002/cbdv.202300753

158.De Souza, G. D.; Mithöfer, A.; Daolio, C.; Schneider, B.;
Rodrigues-Filho, E. Molecules 2013, 18, 2528–2538.
doi:10.3390/molecules18032528

159.Shi, Y.-N.; Pusch, S.; Shi, Y.-M.; Richter, C.; Maciá-Vicente, J. G.;
Schwalbe, H.; Kaiser, M.; Opatz, T.; Bode, H. B. J. Org. Chem. 2019,
84, 11203–11209. doi:10.1021/acs.joc.9b01229

160.Zhao, S.; Wang, B.; Tian, K.; Ji, W.; Zhang, T.; Ping, C.; Yan, W.;
Ye, Y. Pest Manage. Sci. 2021, 77, 2264–2271. doi:10.1002/ps.6251

161.Wang, J.-T.; Ma, Z.-H.; Wang, G.-K.; Xu, F.-Q.; Yu, Y.; Wang, G.;
Peng, D.-Y.; Liu, J.-S. Nat. Prod. Res. 2021, 35, 1199–1206.
doi:10.1080/14786419.2019.1639699

162.He, J.-W.; Chen, G.-D.; Gao, H.; Yang, F.; Li, X.-X.; Peng, T.;
Guo, L.-D.; Yao, X.-S. Fitoterapia 2012, 83, 1087–1091.
doi:10.1016/j.fitote.2012.05.002

163.Tian, J.; Fu, L.; Zhang, Z.; Dong, X.; Xu, D.; Mao, Z.; Liu, Y.; Lai, D.;
Zhou, L. Nat. Prod. Res. 2017, 31, 387–396.
doi:10.1080/14786419.2016.1205052

164.Xie, J.; Wu, Y.-Y.; Zhang, T.-Y.; Zhang, M.-Y.; Zhu, W.-W.;
Gullen, E. A.; Wang, Z.-J.; Cheng, Y.-C.; Zhang, Y.-X. RSC Adv.
2017, 7, 38100–38109. doi:10.1039/c7ra07060h

165.Tanahashi, T.; Kuroishi, M.; Kuwahara, A.; Nagakura, N.; Hamada, N.
Chem. Pharm. Bull. 1997, 45, 1183–1185. doi:10.1248/cpb.45.1183

166.Abe, H.; Nishioka, K.; Takeda, S.; Arai, M.; Takeuchi, Y.;
Harayama, T. Tetrahedron Lett. 2005, 46, 3197–3200.
doi:10.1016/j.tetlet.2005.03.046

167.Hormazabal, E.; Schmeda-Hirschmann, G.; Astudillo, L.;
Rodríguez, J.; Theoduloz, C. Z. Naturforsch., C: J. Biosci. 2005, 60,
11–21. doi:10.1515/znc-2005-1-203

168.Zhang, H.-W.; Huang, W.-Y.; Song, Y.-C.; Chen, J.-R.; Tan, R.-X.
Helv. Chim. Acta 2005, 88, 2861–2864. doi:10.1002/hlca.200590228

169.Song, Y. C.; Huang, W. Y.; Sun, C.; Wang, F. W.; Tan, R. X.
Biol. Pharm. Bull. 2005, 28, 506–509. doi:10.1248/bpb.28.506

170.Kock, I.; Krohn, K.; Egold, H.; Draeger, S.; Schulz, B.; Rheinheimer, J.
Eur. J. Org. Chem. 2007, 2186–2190. doi:10.1002/ejoc.200600987

171.Lai, D.; Wang, A.; Cao, Y.; Zhou, K.; Mao, Z.; Dong, X.; Tian, J.;
Xu, D.; Dai, J.; Peng, Y.; Zhou, L.; Liu, Y. J. Nat. Prod. 2016, 79,
2022–2031. doi:10.1021/acs.jnatprod.6b00327

172.Mao, Z.; Lai, D.; Liu, X.; Fu, X.; Meng, J.; Wang, A.; Wang, X.;
Sun, W.; Liu, Z. L.; Zhou, L.; Liu, Y. Pest Manage. Sci. 2017, 73,
1478–1485. doi:10.1002/ps.4481

173.Zhao, C.; Fu, P.; Zhang, Y.; Liu, X.; Ren, F.; Che, Y. Molecules 2018,
23, 1263. doi:10.3390/molecules23061263

174.Hou, G.-M.; Xu, X.-M.; Wang, Q.; Li, D.-Y.; Li, Z.-L. Steroids 2018,
138, 43–46. doi:10.1016/j.steroids.2018.06.008

175.El-Elimat, T.; Figueroa, M.; Raja, H. A.; Alnabulsi, S.; Oberlies, N. H.
Tetrahedron Lett. 2021, 72, 153067. doi:10.1016/j.tetlet.2021.153067

176.Lee, Y.; Jang, H.-R.; Lee, D.; Lee, J.; Jung, H.-R.; Cho, S.-Y.;
Lee, H.-Y. Int. J. Mol. Sci. 2024, 25, 1096. doi:10.3390/ijms25021096

177.Abe, H.; Fukumoto, T.; Horino, Y.; Harayama, T.; Takeuchi, Y.
Heterocycles 2010, 82, 851–855. doi:10.3987/com-10-s(e)38

178.Matsumoto, T.; Hosoya, T.; Shigemori, H. Heterocycles 2010, 81,
1231–1237. doi:10.3987/com-10-11919

179.Abe, H.; Jeelani, I.; Yonoki, A.; Imai, H.; Horino, Y.
Chem. Pharm. Bull. 2021, 69, 781–788. doi:10.1248/cpb.c21-00316

180.Meng, X.; Mao, Z.; Lou, J.; Xu, L.; Zhong, L.; Peng, Y.; Zhou, L.;
Wang, M. Molecules 2012, 17, 11303–11314.
doi:10.3390/molecules171011303

181.Jeelani, I.; Itaya, K.; Abe, H. Heterocycles 2021, 102, 1570–1578.
doi:10.3987/com-21-14480

182.Cudaj, J.; Podlech, J. Tetrahedron Lett. 2010, 51, 3092–3094.
doi:10.1016/j.tetlet.2010.04.024

183.Abe, H.; Matsukihira, T.; Fukumoto, T.; Horino, Y.; Takeuchi, Y.;
Harayama, T. Heterocycles 2012, 84, 323–326.
doi:10.3987/com-11-s(p)34

184.Darsih, C.; Prachyawarakorn, V.; Wiyakrutta, S.; Mahidol, C.;
Ruchirawat, S.; Kittakoop, P. RSC Adv. 2015, 5, 70595–70603.
doi:10.1039/c5ra13735g

185.Tatsuta, K.; Furuyama, A.; Yano, T.; Suzuki, Y.; Ogura, T.;
Hosokawa, S. Tetrahedron Lett. 2008, 49, 4036–4039.
doi:10.1016/j.tetlet.2008.04.074

186.Nemecek, G.; Cudaj, J.; Podlech, J. Eur. J. Org. Chem. 2012,
3863–3870. doi:10.1002/ejoc.201200506

187.Kim, N.; Sohn, M.-J.; Koshino, H.; Kim, W.-G. J. Antibiot. 2016, 69,
114–118. doi:10.1038/ja.2015.86

188.Al Mousa, A. A.; Abouelela, M. E.; Hassane, A. M. A.;
Al-Khattaf, F. S.; Hatamleh, A. A.; Alabdulhadi, H. S.; Dahmash, N. D.;
Abo-Dahab, N. F. Curr. Issues Mol. Biol. 2022, 44, 5067–5085.
doi:10.3390/cimb44100344

https://doi.org/10.1007%2Fs12403-023-00544-1
https://doi.org/10.1021%2Facs.jafc.6b03120
https://doi.org/10.1021%2Fnp070447m
https://doi.org/10.1134%2Fs0003683815050099
https://doi.org/10.1002%2Frcm.7286
https://doi.org/10.1007%2Fbf03032337
https://doi.org/10.1016%2Fj.phytol.2012.06.017
https://doi.org/10.3390%2Fmolecules19056597
https://doi.org/10.1002%2Fhlca.201300367
https://doi.org/10.3389%2Ffchem.2021.679592
https://doi.org/10.1016%2Fj.foodcont.2021.107919
https://doi.org/10.3390%2Fijerph20065221
https://doi.org/10.1002%2Fcbdv.202300753
https://doi.org/10.3390%2Fmolecules18032528
https://doi.org/10.1021%2Facs.joc.9b01229
https://doi.org/10.1002%2Fps.6251
https://doi.org/10.1080%2F14786419.2019.1639699
https://doi.org/10.1016%2Fj.fitote.2012.05.002
https://doi.org/10.1080%2F14786419.2016.1205052
https://doi.org/10.1039%2Fc7ra07060h
https://doi.org/10.1248%2Fcpb.45.1183
https://doi.org/10.1016%2Fj.tetlet.2005.03.046
https://doi.org/10.1515%2Fznc-2005-1-203
https://doi.org/10.1002%2Fhlca.200590228
https://doi.org/10.1248%2Fbpb.28.506
https://doi.org/10.1002%2Fejoc.200600987
https://doi.org/10.1021%2Facs.jnatprod.6b00327
https://doi.org/10.1002%2Fps.4481
https://doi.org/10.3390%2Fmolecules23061263
https://doi.org/10.1016%2Fj.steroids.2018.06.008
https://doi.org/10.1016%2Fj.tetlet.2021.153067
https://doi.org/10.3390%2Fijms25021096
https://doi.org/10.3987%2Fcom-10-s%28e%2938
https://doi.org/10.3987%2Fcom-10-11919
https://doi.org/10.1248%2Fcpb.c21-00316
https://doi.org/10.3390%2Fmolecules171011303
https://doi.org/10.3987%2Fcom-21-14480
https://doi.org/10.1016%2Fj.tetlet.2010.04.024
https://doi.org/10.3987%2Fcom-11-s%28p%2934
https://doi.org/10.1039%2Fc5ra13735g
https://doi.org/10.1016%2Fj.tetlet.2008.04.074
https://doi.org/10.1002%2Fejoc.201200506
https://doi.org/10.1038%2Fja.2015.86
https://doi.org/10.3390%2Fcimb44100344


Beilstein J. Org. Chem. 2024, 20, 2171–2207.

2204

189.Alwatban, M. A.; Hadi, S.; Moslem, M. A.,. J. Pure Appl. Microbiol.
2014, 8, 4061–4069.
Chem. Abstr. 2015, 164, 86367.

190.Zwickel, T.; Kahl, S. M.; Klaffke, H.; Rychlik, M.; Müller, M. E. H.
Toxins 2016, 8, 344. doi:10.3390/toxins8110344

191.Kuramochi, K.; Fukudome, K.; Kuriyama, I.; Takeuchi, T.; Sato, Y.;
Kamisuki, S.; Tsubaki, K.; Sugawara, F.; Yoshida, H.; Mizushina, Y.
Bioorg. Med. Chem. 2009, 17, 7227–7238.
doi:10.1016/j.bmc.2009.08.051

192.Matsukihira, T.; Saga, S.; Horino, Y.; Abe, H. Heterocycles 2014, 89,
59–68. doi:10.3987/com-13-12859

193.Kim, N.; Sohn, M.-J.; Koshino, H.; Kim, E.-H.; Kim, W.-G.
Bioorg. Med. Chem. Lett. 2014, 24, 83–86.
doi:10.1016/j.bmcl.2013.11.071

194.Tang, J.; Huang, L.; Liu, Y.; Toshmatov, Z.; Zhang, C.; Shao, H.
Chem. Biodiversity 2020, 17, e2000043. doi:10.1002/cbdv.202000043

195.Fang, S.; Gu, Y.; Yu, H.; Musadillin, S. Zhiwu Xuebao 1989, 31,
382–388.
Chem. Abstr. 1990, 112, 151342.

196.Xu, R.; Fan, Z.; Musadillin, S.; Wu, J.; Zakaria, B. Zhiwu Xuebao
1991, 33, 589–592.
Chem. Abstr. 1992, 116, 80496.

197.Sidwell, W. T. L.; Fritz, H.; Tamm, C. Helv. Chim. Acta 1971, 54,
207–215. doi:10.1002/hlca.19710540118

198.Tamm, C. Arzneim. Forsch. 1972, 22, 1776–1784.
Chem. Abstr. 1973, 78, 26456.

199.Sidwell, W. T. L.; Tamm, C. Tetrahedron Lett. 1970, 11, 475–478.
doi:10.1016/0040-4039(70)89003-7
Tetrahedron Lett. 1970, 11, 1578.
doi:10.1016/S0040-4039(01)98025-6

200.Heller, W.; Tamm, C. Helv. Chim. Acta 1978, 61, 1257–1261.
doi:10.1002/hlca.19780610408

201.Koorbanally, C.; Crouch, N. R.; Langlois, A.; Du Toit, K.;
Mulholland, D. A.; Drewes, S. E. S. Afr. J. Bot. 2006, 72, 428–433.
doi:10.1016/j.sajb.2005.12.006

202.Farkas, L.; Sóti, F.; Incze, M.; Nógrádi, M. Chem. Ber. 1974, 107,
3874–3877. doi:10.1002/cber.19741071217

203.Alo, B. I.; Kandil, A.; Patil, P. A.; Sharp, M. J.; Siddiqui, M. A.;
Snieckus, V.; Josephy, P. D. J. Org. Chem. 1991, 56, 3763–3768.
doi:10.1021/jo00012a004

204.Appel, B.; Saleh, N. N. R.; Langer, P. Chem. – Eur. J. 2006, 12,
1221–1236. doi:10.1002/chem.200501024

205.Zhang, J.-c.; Chen, G.-Y.; Li, X.-Z.; Hu, M.; Wang, B.-Y.; Ruan, B.-H.;
Zhou, H.; Zhao, L.-X.; Zhou, J.; Ding, Z.-T.; Yang, Y.-B.
Nat. Prod. Res. 2017, 31, 2745–2752.
doi:10.1080/14786419.2017.1295235

206.Zhang, J.; Zhang, B.; Cai, L.; Liu, L. Mar. Drugs 2022, 20, 778.
doi:10.3390/md20120778

207.Yang, X.; Chen, L.; Wan, G.; Liu, J.; Zhao, B.; Zhu, H.; Zhang, Y.
Nat. Prod. Res. 2024, 1–11. doi:10.1080/14786419.2023.2291705

208.Zhai, Y.-J.; Huo, G.-M.; Wei, J.; Lin, L.-B.; Zhang, Q.; Li, J.-N.;
Chen, X.; Han, W.-B.; Gao, J.-M. Phytochemistry 2022, 193, 112981.
doi:10.1016/j.phytochem.2021.112981

209.Herzog, S., Totalsynthese eine neuen Resorcylsäurelactons. Master
Thesis, Karlsruher Institut für Technologie (KIT), Karlsruhe, Germany,
2019.

210.Wang, Q.-X.; Bao, L.; Yang, X.-L.; Guo, H.; Yang, R.-N.; Ren, B.;
Zhang, L.-X.; Dai, H.-Q.; Guo, L.-D.; Liu, H.-W. Fitoterapia 2012, 83,
209–214. doi:10.1016/j.fitote.2011.10.013

211.Wang, Y.; Yang, M.-H.; Wang, X.-B.; Li, T.-X.; Kong, L.-Y. Fitoterapia
2014, 99, 153–158. doi:10.1016/j.fitote.2014.09.015

212.Zhao, S.; Xiao, C.; Wang, J.; Tian, K.; Ji, W.; Yang, T.; Khan, B.;
Qian, G.; Yan, W.; Ye, Y. J. Agric. Food Chem. 2020, 68,
14204–14211. doi:10.1021/acs.jafc.0c06363

213.Hou, Y.; Li, J.; Wu, J.-C.; Wu, Q.-X.; Fang, J. ACS Chem. Neurosci.
2021, 12, 2798–2809. doi:10.1021/acschemneuro.1c00023

214.Pang, X.; Lin, X.; Wang, P.; Zhou, X.; Yang, B.; Wang, J.; Liu, Y.
Mar. Drugs 2018, 16, 280. doi:10.3390/md16080280

215.Tian, L.-L.; Ren, H.; Xi, J.-M.; Fang, J.; Zhang, J. Z.; Wu, Q.-X.
Fitoterapia 2021, 153, 105000. doi:10.1016/j.fitote.2021.105000

216.Orfali, R. S.; Ebrahim, W.; El-Shafae, A. M. Chem. Nat. Compd. 2017,
53, 1031–1034. doi:10.1007/s10600-017-2195-9

217.Cudaj, J.; Podlech, J. Synlett 2012, 371–374.
doi:10.1055/s-0031-1290135

218.Nandi, S.; Mondal, S.; Jana, R. iScience 2022, 25, 104341.
doi:10.1016/j.isci.2022.104341

219.Höller, U.; König, G. M.; Wright, A. D. Eur. J. Org. Chem. 1999,
2949–2955.
doi:10.1002/(sici)1099-0690(199911)1999:11<2949::aid-ejoc2949>3.0
.co;2-y

220.Abe, H.; Fukumoto, T.; Nishioka, K.; Masatsugu, A.; Takeuchi, Y.;
Harayama, T. Heterocycles 2006, 69, 217–222.

221.Kim, N.; Sohn, M.-J.; Kim, C.-J.; Kwon, H. J.; Kim, W.-G.
Bioorg. Med. Chem. Lett. 2012, 22, 2503–2506.
doi:10.1016/j.bmcl.2012.02.001

222.Coombe, R. G.; Jacobs, J. J.; Watson, T. R. Aust. J. Chem. 1970, 23,
2343–2351. doi:10.1071/ch9702343

223.Takahashi, S.; Kamisuki, S.; Mizushina, Y.; Sakaguchi, K.;
Sugawara, F.; Nakata, T. Tetrahedron Lett. 2003, 44, 1875–1877.
doi:10.1016/s0040-4039(03)00072-8

224.Kamisuki, S.; Takahashi, S.; Mizushina, Y.; Hanashima, S.;
Kuramochi, K.; Kobayashi, S.; Sakaguchi, K.; Nakata, T.;
Sugawara, F. Tetrahedron 2004, 60, 5695–5700.
doi:10.1016/j.tet.2004.05.017

225.Cota, B. B.; Rosa, L. H.; Caligiorne, R. B.; Rabello, A. L. T.;
Almeida Alves, T. M.; Rosa, C. A.; Zani, C. L. FEMS Microbiol. Lett.
2008, 285, 177–182. doi:10.1111/j.1574-6968.2008.01221.x

226.Johann, S.; Rosa, L. H.; Rosa, C. A.; Perez, P.; Cisalpino, P. S.;
Zani, C. L.; Cota, B. B. Rev. Iberoam. Micol. 2012, 29, 205–209.
doi:10.1016/j.riam.2012.02.002

227.Pramisandi, A.; Dobashi, K.; Mori, M.; Nonaka, K.; Matsumoto, A.;
Tokiwa, T.; Higo, M.; Kristiningrum; Amalia, E.; Nurkanto, A.;
Inaoka, D. K.; Waluyo, D.; Kita, K.; Nozaki, T.; Ōmura, S.; Shiomi, K.
J. Gen. Appl. Microbiol. 2020, 66, 273–278.
doi:10.2323/jgam.2019.11.007

228.Nakanishi, S.; Toki, S.; Saitoh, Y.; Tsukuda, E.; Kawahara, K.;
Ando, K.; Matsuda, Y. Biosci., Biotechnol., Biochem. 1995, 59,
1333–1335. doi:10.1271/bbb.59.1333

229.Komai, S.-i.; Hosoe, T.; Itabashi, T.; Nozawa, K.; Yaguchi, T.;
Fukushima, K.; Kawai, K.-i. J. Nat. Med. 2006, 60, 185–190.
doi:10.1007/s11418-005-0028-9

230.Uchida, R.; Tomoda, H.; Dong, Y.; Omura, S. J. Antibiot. 1999, 52,
572–574. doi:10.7164/antibiotics.52.572

231.Oyama, M.; Xu, Z.; Lee, K.-H.; Spitzer, T. D.; Kitrinos, P.;
McDonald, O. B.; Jones, R. R. J.; Garvey, E. P.
Lett. Drug Des. Discovery 2004, 1, 24–29.
doi:10.2174/1570180043485626

232.Xiao, J.; Zhang, Q.; Gao, Y.-Q.; Tang, J.-J.; Zhang, A.-L.; Gao, J.-M.
J. Agric. Food Chem. 2014, 62, 3584–3590. doi:10.1021/jf500054f

https://doi.org/10.3390%2Ftoxins8110344
https://doi.org/10.1016%2Fj.bmc.2009.08.051
https://doi.org/10.3987%2Fcom-13-12859
https://doi.org/10.1016%2Fj.bmcl.2013.11.071
https://doi.org/10.1002%2Fcbdv.202000043
https://doi.org/10.1002%2Fhlca.19710540118
https://doi.org/10.1016%2F0040-4039%2870%2989003-7
https://doi.org/10.1016%2FS0040-4039%2801%2998025-6
https://doi.org/10.1002%2Fhlca.19780610408
https://doi.org/10.1016%2Fj.sajb.2005.12.006
https://doi.org/10.1002%2Fcber.19741071217
https://doi.org/10.1021%2Fjo00012a004
https://doi.org/10.1002%2Fchem.200501024
https://doi.org/10.1080%2F14786419.2017.1295235
https://doi.org/10.3390%2Fmd20120778
https://doi.org/10.1080%2F14786419.2023.2291705
https://doi.org/10.1016%2Fj.phytochem.2021.112981
https://doi.org/10.1016%2Fj.fitote.2011.10.013
https://doi.org/10.1016%2Fj.fitote.2014.09.015
https://doi.org/10.1021%2Facs.jafc.0c06363
https://doi.org/10.1021%2Facschemneuro.1c00023
https://doi.org/10.3390%2Fmd16080280
https://doi.org/10.1016%2Fj.fitote.2021.105000
https://doi.org/10.1007%2Fs10600-017-2195-9
https://doi.org/10.1055%2Fs-0031-1290135
https://doi.org/10.1016%2Fj.isci.2022.104341
https://doi.org/10.1002%2F%28sici%291099-0690%28199911%291999%3A11%3C2949%3A%3Aaid-ejoc2949%3E3.0.co%3B2-y
https://doi.org/10.1002%2F%28sici%291099-0690%28199911%291999%3A11%3C2949%3A%3Aaid-ejoc2949%3E3.0.co%3B2-y
https://doi.org/10.1016%2Fj.bmcl.2012.02.001
https://doi.org/10.1071%2Fch9702343
https://doi.org/10.1016%2Fs0040-4039%2803%2900072-8
https://doi.org/10.1016%2Fj.tet.2004.05.017
https://doi.org/10.1111%2Fj.1574-6968.2008.01221.x
https://doi.org/10.1016%2Fj.riam.2012.02.002
https://doi.org/10.2323%2Fjgam.2019.11.007
https://doi.org/10.1271%2Fbbb.59.1333
https://doi.org/10.1007%2Fs11418-005-0028-9
https://doi.org/10.7164%2Fantibiotics.52.572
https://doi.org/10.2174%2F1570180043485626
https://doi.org/10.1021%2Fjf500054f


Beilstein J. Org. Chem. 2024, 20, 2171–2207.

2205

233.Dong, L.; Kim, H. J.; Cao, T. Q.; Liu, Z.; Lee, H.; Ko, W.; Kim, Y.-C.;
Sohn, J. H.; Kim, T. K.; Yim, J. H.; Lee, D.-S.; Oh, H. Int. J. Mol. Sci.
2021, 22, 9674. doi:10.3390/ijms22189674

234.Kjer, J.; Wray, V.; Edrada-Ebel, R.; Ebel, R.; Pretsch, A.; Lin, W.;
Proksch, P. J. Nat. Prod. 2009, 72, 2053–2057.
doi:10.1021/np900417g

235.Zhao, S.; Tian, K.; Li, Y.; Ji, W.; Liu, F.; Khan, B.; Yan, W.; Ye, Y.
J. Agric. Food Chem. 2020, 68, 15115–15122.
doi:10.1021/acs.jafc.0c04106

236.Wu, Y.-M.; Yang, X.-Q.; Yang, Y.-B.; Cai, L.; He, F.-F.; Ding, Z.-T.
Nat. Prod. Res. 2024, 38, 753–758.
doi:10.1080/14786419.2023.2196722

237.Askin, S.; Bond, T. E. H.; Sorenson, A. E.; Moreau, M. J. J.;
Antony, H.; Davis, R. A.; Schaeffer, P. M. Chem. Commun. 2018, 54,
1738–1741. doi:10.1039/c8cc00090e

238.Elbermawi, A.; Ali, A. R.; Amen, Y.; Ashour, A.; Ahmad, K. F.;
Mansour, E.-S. S.; Halim, A. F. RSC Adv. 2022, 12, 24935–24945.
doi:10.1039/d2ra02532a

239.Kumar, A.; Henry, R. J.; Stoica, B. A.; Loane, D. J.; Abulwerdi, G.;
Bhat, S. A.; Faden, A. I. J. Pharmacol. Exp. Ther. 2019, 368,
338–352. doi:10.1124/jpet.118.253955

240.Chua, S. W.; Cornejo, A.; van Eersel, J.; Stevens, C. H.; Vaca, I.;
Cueto, M.; Kassiou, M.; Gladbach, A.; Macmillan, A.; Lewis, L.;
Whan, R.; Ittner, L. M. ACS Chem. Neurosci. 2017, 8, 743–751.
doi:10.1021/acschemneuro.6b00433

241.Zheng, Z.; Zhao, Z.; Li, S.; Lu, X.; Jiang, M.; Lin, J.; An, Y.; Xie, Y.;
Xu, M.; Shen, W.; Guo, G. L.; Huang, Y.; Li, S.; Zhang, X.; Xie, W.
Mol. Pharmacol. 2017, 92, 425–436. doi:10.1124/mol.117.108829

242.Chen, Y.; Chen, R.; Xu, J.; Tian, Y.; Xu, J.; Liu, Y. Molecules 2018,
23, 2844. doi:10.3390/molecules23112844

243.Yuan, W.-H.; Teng, M.-T.; Sun, S.-S.; Ma, L.; Yuan, B.; Ren, Q.;
Zhang, P. Chem. Biodiversity 2018, 15, e1800371.
doi:10.1002/cbdv.201800371

244.Liu, Y.; Yang, Q.; Xia, G.; Huang, H.; Li, H.; Ma, L.; Lu, Y.; He, L.;
Xia, X.; She, Z. J. Nat. Prod. 2015, 78, 1816–1822.
doi:10.1021/np500885f

245.Chen, B.; Liu, L.; Zhu, X.; Wang, J.; Long, Y.; Jiang, S.-P.; Xu, A.-G.;
Lin, Y.-C. Nat. Prod. Res. 2015, 29, 1212–1216.
doi:10.1080/14786419.2014.997232

246.Dong, L.; Cao, T. Q.; Liu, Z.; Tuan, N. Q.; Kim, Y.-C.; Sohn, J. H.;
Yim, J. H.; Lee, D.-S.; Oh, H. Int. J. Mol. Sci. 2022, 23, 14642.
doi:10.3390/ijms232314642

247.Warmuth, L.; Weiß, A.; Reinhardt, M.; Meschkov, A.; Schepers, U.;
Podlech, J. Beilstein J. Org. Chem. 2021, 17, 224–228.
doi:10.3762/bjoc.17.22

248.Pero, R. W.; Owens, R. G.; Harvan, D. Anal. Biochem. 1971, 43,
80–88. doi:10.1016/0003-2697(71)90110-2

249.Altemöller, M.; Podlech, J.; Fenske, D. Eur. J. Org. Chem. 2006,
1678–1684. doi:10.1002/ejoc.200500904

250.Yang, H.; Qi, B.; Ding, N.; Jiang, F.; Jia, F.; Luo, Y.; Xu, X.; Wang, L.;
Zhu, Z.; Liu, X.; Tu, P.; Shi, S. Fitoterapia 2019, 137, 104282.
doi:10.1016/j.fitote.2019.104282

251.Jiao, P.; Gloer, J. B.; Campbell, J.; Shearer, C. A. J. Nat. Prod. 2006,
69, 612–615. doi:10.1021/np0504661

252.Bilgrami, K. S.; Ansari, A. A.; Sinha, A. K.; Shrivastava, A. K.;
Sinha, K. K. Mycotoxin Res. 1994, 10, 56–59.
doi:10.1007/bf03192251

253.Andersen, B.; Thrane, U. Mycotoxin Res. 1996, 12, 54–60.
doi:10.1007/bf03192262

254.Wang, X.-Z.; Luo, X.-H.; Xiao, J.; Zhai, M.-M.; Yuan, Y.; Zhu, Y.;
Crews, P.; Yuan, C.-S.; Wu, Q.-X. Fitoterapia 2014, 99, 184–190.
doi:10.1016/j.fitote.2014.09.017

255.Shaaban, M.; El-Metwally, M. M.; Laatsch, H.
Z. Naturforsch., B: J. Chem. Sci. 2016, 71, 287–295.
doi:10.1515/znb-2015-0185

256.Ďuračková, Z.; Betina, V.; Horníková, B.; Nemec, P.
Zentralbl. Bakteriol., Parasitenkd., Infektionskrankh. Hyg., Abt. 2, Natu
rwiss.: Allg., Landwirtsch. Tech. Mikrobiol. 1977, 132, 294–299.
doi:10.1016/s0044-4057(77)80017-8

257.Panigrahi, S.; Dallin, S. J. Sci. Food Agric. 1994, 66, 493–496.
doi:10.1002/jsfa.2740660411

258.Bhagat, J.; Kaur, A.; Kaur, R.; Yadav, A. K.; Sharma, V.;
Chadha, B. S. J. Appl. Microbiol. 2016, 121, 1015–1025.
doi:10.1111/jam.13192

259.Pfeiffer, E.; Herrmann, C.; Altemöller, M.; Podlech, J.; Metzler, M.
Mol. Nutr. Food Res. 2009, 53, 452–459.
doi:10.1002/mnfr.200700501

260.Visconti, A.; Bottalico, A.; Solfrizzo, M.; Palmisano, F. Mycotoxin Res.
1989, 5, 69–76. doi:10.1007/bf03192124

261.Huang, R.-H.; Gou, J.-Y.; Zhao, D.-L.; Wang, D.; Liu, J.; Ma, G.-Y.;
Li, Y.-Q.; Zhang, C.-S. RSC Adv. 2018, 8, 37573–37580.
doi:10.1039/c8ra08047j

262.Kim, J. W.; Kim, J.-Y.; Li, W.; Ryu, J. Y.; Kim, S.; Shim, S. H.
J. Antibiot. 2019, 72, 709–713. doi:10.1038/s41429-019-0198-4

263.Pang, S.; Chen, Y.; Huang, X.-Q.; Li, L.-Y.; Guo, Q.-F.
Chem. Nat. Compd. 2023, 59, 157–159.
doi:10.1007/s10600-023-03941-9

264.Wang, F.; Ma, H.; Hu, Z.; Jiang, J.; Zhu, H.; Cheng, L.; Yang, Q.;
Zhang, H.; Zhang, G.; Zhang, Y. Nat. Prod. Res. 2017, 31,
1849–1854. doi:10.1080/14786419.2016.1261346

265.Liu, S.-S.; Gao, W.-B.; Kang, J.; Yang, X.-H.; Cao, F.; Kong, F.-D.;
Zhao, Y.-X.; Luo, D.-Q. Chem. Nat. Compd. 2020, 56, 799–802.
doi:10.1007/s10600-020-03155-3

266.Zhu, X.; Liu, Y.; Hu, Y.; Lv, X.; Shi, Z.; Yu, Y.; Jiang, X.; Feng, F.;
Xu, J. Chem. Biodiversity 2021, 18, e2100314.
doi:10.1002/cbdv.202100314

267.Yue, J.-Y.; Wang, R.; Xu, T.; Wang, J.-T.; Yu, Y.; Cai, B.-X.
Nat. Prod. Res. 2024, 38, 336–340.
doi:10.1080/14786419.2022.2116579

268.Bradburn, N.; Coker, R. D.; Blunden, G.; Turner, C. H.; Crabb, T. A.
Phytochemistry 1994, 35, 665–669.
doi:10.1016/s0031-9422(00)90583-1

269.Jin, P.-f.; Dai, H.-f.; Zuo, W.-f.; Zeng, Y.-b.; Guo, Z.-k.; Mei, W.-l.
Zhongguo Yaowu Huaxue Zazhi 2013, 23, 309–311.
Chem. Abstr. 2014, 161, 341734.

270.Ding, H.; Zhang, D.; Zhou, B.; Ma, Z. Mar. Drugs 2017, 15, 76.
doi:10.3390/md15030076

271.Jia, S.; Li, J.; Li, J.; Su, X.; Li, X.-N.; Yao, Y.; Xue, Y.
Chem. Biodiversity 2022, 19, e202200751.
doi:10.1002/cbdv.202200751

272.Ye, F.; Chen, G.-D.; He, J.-W.; Li, X.-X.; Sun, X.; Guo, L.-D.; Li, Y.;
Gao, H. Tetrahedron Lett. 2013, 54, 4551–4554.
doi:10.1016/j.tetlet.2013.06.080

273.Tang, J.-W.; Xu, H.-C.; Wang, W.-G.; Hu, K.; Zhou, Y.-F.; Chen, R.;
Li, X.-N.; Du, X.; Sun, H.-D.; Puno, P.-T. J. Nat. Prod. 2019, 82,
735–740. doi:10.1021/acs.jnatprod.8b00571

274.Podlech, J.; Gutsche, M. J. Nat. Prod. 2023, 86, 1632–1640.
doi:10.1021/acs.jnatprod.3c00078

https://doi.org/10.3390%2Fijms22189674
https://doi.org/10.1021%2Fnp900417g
https://doi.org/10.1021%2Facs.jafc.0c04106
https://doi.org/10.1080%2F14786419.2023.2196722
https://doi.org/10.1039%2Fc8cc00090e
https://doi.org/10.1039%2Fd2ra02532a
https://doi.org/10.1124%2Fjpet.118.253955
https://doi.org/10.1021%2Facschemneuro.6b00433
https://doi.org/10.1124%2Fmol.117.108829
https://doi.org/10.3390%2Fmolecules23112844
https://doi.org/10.1002%2Fcbdv.201800371
https://doi.org/10.1021%2Fnp500885f
https://doi.org/10.1080%2F14786419.2014.997232
https://doi.org/10.3390%2Fijms232314642
https://doi.org/10.3762%2Fbjoc.17.22
https://doi.org/10.1016%2F0003-2697%2871%2990110-2
https://doi.org/10.1002%2Fejoc.200500904
https://doi.org/10.1016%2Fj.fitote.2019.104282
https://doi.org/10.1021%2Fnp0504661
https://doi.org/10.1007%2Fbf03192251
https://doi.org/10.1007%2Fbf03192262
https://doi.org/10.1016%2Fj.fitote.2014.09.017
https://doi.org/10.1515%2Fznb-2015-0185
https://doi.org/10.1016%2Fs0044-4057%2877%2980017-8
https://doi.org/10.1002%2Fjsfa.2740660411
https://doi.org/10.1111%2Fjam.13192
https://doi.org/10.1002%2Fmnfr.200700501
https://doi.org/10.1007%2Fbf03192124
https://doi.org/10.1039%2Fc8ra08047j
https://doi.org/10.1038%2Fs41429-019-0198-4
https://doi.org/10.1007%2Fs10600-023-03941-9
https://doi.org/10.1080%2F14786419.2016.1261346
https://doi.org/10.1007%2Fs10600-020-03155-3
https://doi.org/10.1002%2Fcbdv.202100314
https://doi.org/10.1080%2F14786419.2022.2116579
https://doi.org/10.1016%2Fs0031-9422%2800%2990583-1
https://doi.org/10.3390%2Fmd15030076
https://doi.org/10.1002%2Fcbdv.202200751
https://doi.org/10.1016%2Fj.tetlet.2013.06.080
https://doi.org/10.1021%2Facs.jnatprod.8b00571
https://doi.org/10.1021%2Facs.jnatprod.3c00078


Beilstein J. Org. Chem. 2024, 20, 2171–2207.

2206

275.Podlech, J.; Fleck, S. C.; Metzler, M.; Bürck, J.; Ulrich, A. S.
Chem. – Eur. J. 2014, 20, 11463–11470.
doi:10.1002/chem.201402567

276.Rogers, D.; Williams, D. J.; Thomas, R. J. Chem. Soc. D 1971, 393.
doi:10.1039/c29710000393

277.Altemöller, M.; Podlech, J. J. Nat. Prod. 2009, 72, 1288–1290.
doi:10.1021/np900265q

278.Kamisuki, S.; Takahashi, S.; Mizushina, Y.; Sakaguchi, K.; Nakata, T.;
Sugawara, F. Bioorg. Med. Chem. 2004, 12, 5355–5359.
doi:10.1016/j.bmc.2004.07.047

279.Fuska, J.; Proksa, B.; Uhrían, D.; Marvanová, L.; Šturdiková, M.
Acta Biotechnol. 1991, 11, 73–76. doi:10.1002/abio.370110121

280.Jabbar, A.; Shresta, A. P.; Hasan, C. M.; Rashid, M. A. Nat. Prod. Sci.
1999, 5, 162–164.
Chem. Abstr. 2000, 132, 260234.

281.Kameda, K.; Namiki, M. Chem. Lett. 1974, 3, 265–266.
doi:10.1246/cl.1974.265

282.Kong, K.; Huang, Z.; Shi, S.; Pan, W.; Zhang, Y. BMC Microbiol. 2023,
23, 30. doi:10.1186/s12866-022-02741-5

283.Mizushina, Y.; Kamisuki, S.; Mizuno, T.; Takemura, M.; Asahara, H.;
Linn, S.; Yamaguchi, T.; Matsukage, A.; Hanaoka, F.; Yoshida, S.;
Saneyoshi, M.; Sugawara, F.; Sakaguchi, K. J. Biol. Chem. 2000, 275,
33957–33961. doi:10.1074/jbc.m006096200

284.Kamisuki, S.; Murakami, C.; Ohta, K.; Yoshida, H.; Sugawara, F.;
Sakaguchi, K.; Mizushina, Y. Biochem. Pharmacol. 2002, 63,
421–427. doi:10.1016/s0006-2952(01)00912-1

285.Murakami-Nakai, C.; Maeda, N.; Yonezawa, Y.; Kuriyama, I.;
Kamisuki, S.; Takahashi, S.; Sugawara, F.; Yoshida, H.;
Sakaguchi, K.; Mizushina, Y. Biochim. Biophys. Acta, Gen. Subj.
2004, 1674, 193–199. doi:10.1016/j.bbagen.2004.06.016

286.Kuriyama, I.; Fukudome, K.; Kamisuki, S.; Kuramochi, K.; Tsubaki, K.;
Sakaguchi, K.; Sugawara, F.; Yoshida, H.; Mizushina, Y.
Int. J. Mol. Med. 2008, 22, 793–799. doi:10.3892/ijmm_00000087

287.You, Y.; Hu, Q.; Liu, N.; Xu, C.; Lu, S.; Xu, T.; Mao, X. Molecules
2023, 28, 3258. doi:10.3390/molecules28073258

288.Jabbar, A.; Shresta, A. P.; Rashid, M. A.; Shameem, M.; Yahara, S.
Nat. Prod. Lett. 1998, 12, 311–316. doi:10.1080/10575639808048308

289.Zhong, L.; Xu, L.; Meng, X.; Peng, Y.; Chen, Y.; Sui, P.; Wang, M.;
Zhou, L. Afr. J. Biotechnol. 2011, 10, 18174–18178.

290.Mao, Z.; Luo, R.; Luo, H.; Tian, J.; Liu, H.; Yue, Y.; Wang, M.;
Peng, Y.; Zhou, L. World J. Microbiol. Biotechnol. 2014, 30,
2533–2542. doi:10.1007/s11274-014-1678-0

291.Luo, H.; Liu, H.; Cao, Y.; Xu, D.; Mao, Z.; Mou, Y.; Meng, J.; Lai, D.;
Liu, Y.; Zhou, L. Molecules 2014, 19, 14221–14234.
doi:10.3390/molecules190914221

292.Sakurai, M.; Nishio, M.; Yamamoto, K.; Okuda, T.; Kawano, K.;
Ohnuki, T. J. Antibiot. 2003, 56, 513–519.
doi:10.7164/antibiotics.56.513

293.Sakurai, M.; Nishio, M.; Yamamoto, K.; Okuda, T.; Kawano, K.;
Ohnuki, T. Org. Lett. 2003, 5, 1083–1085. doi:10.1021/ol034125v

294.Overy, D. P.; Berrue, F.; Correa, H.; Hanif, N.; Hay, K.; Lanteigne, M.;
Mquilian, K.; Duffy, S.; Boland, P.; Jagannathan, R.; Carr, G. S.;
Vansteeland, M.; Kerr, R. G. Mycology 2014, 5, 130–144.
doi:10.1080/21501203.2014.931893

295.Soorukram, D.; Qu, T.; Barrett, A. G. M. Org. Lett. 2008, 10,
3833–3835. doi:10.1021/ol8015435

296.Zhang, X.; Liu, X.-X.; Xing, Y.-N.; Zhang, M.; Zhao, Y.; Wei, Y.-Y.;
Zhang, B.; Jiao, R.-H. J. Asian Nat. Prod. Res. 2022, 24, 353–360.
doi:10.1080/10286020.2021.1935893

297.Zhao, D.-L.; Cao, F.; Wang, C.-Y.; Yang, L.-J.; Shi, T.; Wang, K.-L.;
Shao, C.-L.; Wang, C.-Y. J. Nat. Prod. 2019, 82, 3201–3204.
doi:10.1021/acs.jnatprod.9b00905

298.Wu, J.-C.; Hou, Y.; Xu, Q.; Jin, X.-J.; Chen, Y.; Fang, J.; Hu, B.;
Wu, Q.-X. Org. Lett. 2019, 21, 1551–1554.
doi:10.1021/acs.orglett.9b00475

299.Williams, D. J.; Thowas, R. Tetrahedron Lett. 1973, 14, 639–640.
doi:10.1016/s0040-4039(00)72420-8

300.Nemecek, G.; Thomas, R.; Goesmann, H.; Feldmann, C.; Podlech, J.
Eur. J. Org. Chem. 2013, 6420–6432. doi:10.1002/ejoc.201300879

301.Kohler, D.; Podlech, J. Eur. J. Org. Chem. 2019, 1748–1753.
doi:10.1002/ejoc.201801801

302.Phaopongthai, J.; Wiyakrutta, S.; Meksuriyen, D.; Sriubolmas, N.;
Suwanborirux, K. J. Microbiol. (Seoul, Repub. Korea) 2013, 51,
821–828. doi:10.1007/s12275-013-3189-3

303.Zhang, H. W.; Huang, W. Y.; Chen, J. R.; Yan, W. Z.; Xie, D. Q.;
Tan, R. X. Chem. – Eur. J. 2008, 14, 10670–10674.
doi:10.1002/chem.200801000

304.Arlt, A.; Koert, U. Synthesis 2010, 917–922.
doi:10.1055/s-0029-1218647

305.Xie, Y.; Wang, N.; Cheng, B.; Zhai, H. Org. Lett. 2012, 14, 3–5.
doi:10.1021/ol202923u

306.Chadwick, D. J.; Easton, I. W.; Johnstone, R. A. W. Tetrahedron
1984, 40, 2451–2455. doi:10.1016/s0040-4020(01)83496-7

307.Elnaggar, M. S.; Ibrahim, N.; Elissawy, A. M.; Anwar, A.;
Ibrahim, M. A. A.; Ebada, S. S. Phytochemistry 2024, 217, 113901.
doi:10.1016/j.phytochem.2023.113901

308.Lee, C.; Li, W.; Bang, S.; Lee, S. J.; Kang, N.-y.; Kim, S.; Kim, T. I.;
Go, Y.; Shim, S. H. Molecules 2019, 24, 4450.
doi:10.3390/molecules24244450

309.Liu, W.-H.; Zhao, H.; Li, R.-Q.; Zheng, H.-B.; Yu, Q. Helv. Chim. Acta
2015, 98, 515–519. doi:10.1002/hlca.201400231

310.Saepua, S.; Kornsakulkarn, J.; Auncharoen, P.; Rachtawee, P.;
Kongthong, S.; Boonyuen, N.; Harding, D. J.; Nehira, T.;
Thongpanchang, T.; Thongpanchang, C. Nat. Prod. Res. 2021, 35,
3556–3561. doi:10.1080/14786419.2020.1713119

311.Lu, X.-J.; Chen, S.-F.; Xu, X.-W.; Zhao, D.; Wang, H.-F.; Bai, J.;
Hua, H.-M.; Chen, G.; Pei, Y.-H. J. Asian Nat. Prod. Res. 2018, 20,
328–336. doi:10.1080/10286020.2017.1336164

312.Naganuma, M.; Nishida, M.; Kuramochi, K.; Sugawara, F.;
Yoshida, H.; Mizushina, Y. Bioorg. Med. Chem. 2008, 16, 2939–2944.
doi:10.1016/j.bmc.2007.12.044

313.Wang, M.-h.; Li, X.-m.; Li, C.-s.; Wang, B.-g. Haiyang Kexue 2014, 38,
1–5.
Chem. Abstr. 2015, 162, 652122.

314.Gao, Y.; Zhou, J.; Ruan, H. Planta Med. 2020, 86, 976–982.
doi:10.1055/a-1091-8831

315.Machado, F. P.; Rodrigues, I. C.; Georgopolou, A.; Gales, L.;
Pereira, J. A.; Costa, P. M.; Mistry, S.; Hafez Ghoran, S.;
Silva, A. M. S.; Dethoup, T.; Sousa, E.; Kijjoa, A. Mar. Drugs 2023, 21,
194. doi:10.3390/md21030194

316.Zhang, A. H.; Jiang, N.; Gu, W.; Ma, J.; Wang, Y. R.; Song, Y. C.;
Tan, R. X. Chem. – Eur. J. 2010, 16, 14479–14485.
doi:10.1002/chem.201002205

317.Kimura, Y.; Yoshinari, T.; Koshino, H.; Fujioka, S.; Okada, K.;
Shimada, A. Biosci., Biotechnol., Biochem. 2007, 71, 1896–1901.
doi:10.1271/bbb.70112

318.Jiao, Y.; Zhang, X.; Wang, L.; Li, G.; Zhou, J.-C.; Lou, H.-X.
Phytochem. Lett. 2013, 6, 14–17. doi:10.1016/j.phytol.2012.10.005

https://doi.org/10.1002%2Fchem.201402567
https://doi.org/10.1039%2Fc29710000393
https://doi.org/10.1021%2Fnp900265q
https://doi.org/10.1016%2Fj.bmc.2004.07.047
https://doi.org/10.1002%2Fabio.370110121
https://doi.org/10.1246%2Fcl.1974.265
https://doi.org/10.1186%2Fs12866-022-02741-5
https://doi.org/10.1074%2Fjbc.m006096200
https://doi.org/10.1016%2Fs0006-2952%2801%2900912-1
https://doi.org/10.1016%2Fj.bbagen.2004.06.016
https://doi.org/10.3892%2Fijmm_00000087
https://doi.org/10.3390%2Fmolecules28073258
https://doi.org/10.1080%2F10575639808048308
https://doi.org/10.1007%2Fs11274-014-1678-0
https://doi.org/10.3390%2Fmolecules190914221
https://doi.org/10.7164%2Fantibiotics.56.513
https://doi.org/10.1021%2Fol034125v
https://doi.org/10.1080%2F21501203.2014.931893
https://doi.org/10.1021%2Fol8015435
https://doi.org/10.1080%2F10286020.2021.1935893
https://doi.org/10.1021%2Facs.jnatprod.9b00905
https://doi.org/10.1021%2Facs.orglett.9b00475
https://doi.org/10.1016%2Fs0040-4039%2800%2972420-8
https://doi.org/10.1002%2Fejoc.201300879
https://doi.org/10.1002%2Fejoc.201801801
https://doi.org/10.1007%2Fs12275-013-3189-3
https://doi.org/10.1002%2Fchem.200801000
https://doi.org/10.1055%2Fs-0029-1218647
https://doi.org/10.1021%2Fol202923u
https://doi.org/10.1016%2Fs0040-4020%2801%2983496-7
https://doi.org/10.1016%2Fj.phytochem.2023.113901
https://doi.org/10.3390%2Fmolecules24244450
https://doi.org/10.1002%2Fhlca.201400231
https://doi.org/10.1080%2F14786419.2020.1713119
https://doi.org/10.1080%2F10286020.2017.1336164
https://doi.org/10.1016%2Fj.bmc.2007.12.044
https://doi.org/10.1055%2Fa-1091-8831
https://doi.org/10.3390%2Fmd21030194
https://doi.org/10.1002%2Fchem.201002205
https://doi.org/10.1271%2Fbbb.70112
https://doi.org/10.1016%2Fj.phytol.2012.10.005


Beilstein J. Org. Chem. 2024, 20, 2171–2207.

2207

319.He, J.-W.; Wang, C.-X.; Yang, L.; Chen, G.-D.; Hu, D.; Guo, L.-D.;
Yao, X.-S.; Gao, H. Nat. Prod. Commun. 2016, 11, 829–831.
doi:10.1177/1934578x1601100633

320.Gatenbeck, S.; Hermodsson, S. Acta Chem. Scand. 1965, 19, 65–71.
doi:10.3891/acta.chem.scand.19-0065

321.Abell, C.; Garson, M. J.; Leeper, F. J.; Staunton, J.
J. Chem. Soc., Chem. Commun. 1982, 1011–1013.
doi:10.1039/c39820001011

322.Stinson, E. E.; Wise, W. B.; Moreau, R. A.; Jurewicz, A. J.;
Pfeffer, P. E. Can. J. Chem. 1986, 64, 1590–1594.
doi:10.1139/v86-263

323.Dasenbrock, J.; Simpson, T. J. J. Chem. Soc., Chem. Commun. 1987,
1235–1236. doi:10.1039/c39870001235

324.Saha, D.; Fetzner, R.; Burkhardt, B.; Podlech, J.; Metzler, M.;
Dang, H.; Lawrence, C.; Fischer, R. PLoS One 2012, 7, e40564.
doi:10.1371/journal.pone.0040564

325.Wenderoth, M.; Garganese, F.; Schmidt‐Heydt, M.; Soukup, S. T.;
Ippolito, A.; Sanzani, S. M.; Fischer, R. Mol. Microbiol. 2019, 112,
131–146. doi:10.1111/mmi.14258

326.Bugg, T. D. H.; Winfield, C. J. Nat. Prod. Rep. 1998, 15, 513–530.
doi:10.1039/a815513y

327.Moss, G. P.; Smith, P. A. S.; Tavernier, D. Pure Appl. Chem. 1995,
67, 1307–1375. doi:10.1351/pac199567081307

328.Howarth, T. T.; Murphy, G. P.; Harris, T. M. J. Am. Chem. Soc. 1969,
91, 517–518. doi:10.1021/ja01030a063

License and Terms
This is an open access article licensed under the terms of
the Beilstein-Institut Open Access License Agreement
(https://www.beilstein-journals.org/bjoc/terms), which is
identical to the Creative Commons Attribution 4.0
International License
(https://creativecommons.org/licenses/by/4.0). The reuse of
material under this license requires that the author(s),
source and license are credited. Third-party material in this
article could be subject to other licenses (typically indicated
in the credit line), and in this case, users are required to
obtain permission from the license holder to reuse the
material.

The definitive version of this article is the electronic one
which can be found at:
https://doi.org/10.3762/bjoc.20.187

https://doi.org/10.1177%2F1934578x1601100633
https://doi.org/10.3891%2Facta.chem.scand.19-0065
https://doi.org/10.1039%2Fc39820001011
https://doi.org/10.1139%2Fv86-263
https://doi.org/10.1039%2Fc39870001235
https://doi.org/10.1371%2Fjournal.pone.0040564
https://doi.org/10.1111%2Fmmi.14258
https://doi.org/10.1039%2Fa815513y
https://doi.org/10.1351%2Fpac199567081307
https://doi.org/10.1021%2Fja01030a063
https://www.beilstein-journals.org/bjoc/terms
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.3762/bjoc.20.187

	Abstract
	Introduction
	Review
	Alternariol-derived resorcylic lactones
	Alternariol and its substituted derivatives
	Biaryls derived from alternariol
	Altenuene and its diastereomers and substituted derivatives
	Oxidized and reduced altenuenes
	Altenuic acids and related compounds
	Cyclopenta-fused derivatives and related compounds

	Biosynthesis of alternariol and its derivatives
	Total syntheses of alternariol-derived resorcylic lactones

	Conclusion
	Supporting Information
	Acknowledgements
	Funding
	ORCID iDs
	Data Availability Statement
	References

